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GENERAL INTRODUCTION 
Poplars 
Poplars, genus Populus, family Salicaceae, consist of more than 30 
species widely distributed in temperature and cold regions of the northern 
hemisphere (FAO, 1980). This pioneer species is characterized by its fast 
growth rate, rich potential for short-rotation culture, and suitability for a 
wide variety of planting sites (Chun et al., 1986; Evers et al., 1988; Hall et al., 
1982). 
Various species of poplar have been propagated from stem cuttings, 
single node cutting, stump sprout, grafting, and root sprout (Snow, 1938). 
These conventional methods provide advantages in establishing clonal bank 
of elite tree for reforestration. However, genotypic variation, limited in 
availability of elite genotype, cost increasing factor such as vast area 
requirement and intensive labor, often observed self-incompatibility of 
grafting, and aging of stock plants make difficulties to develop practical 
system of large scale macropropagation to meet the demand for reforestration 
which increased year after year (Ahuja, 1987). Moreover, hybrid aspen 
{Populus alba L. X P. grandidentata Miclix. 'Crandon') used to this study is 
one of the difficult species for propagate by conventional methods. 
The varied utilization of poplar and aspen are such as pulpwood, ply 
wood, and matchwood production. Due to the rapid growth rate, poplar and 
aspen had gaining importance as energy plantation (Hall et al., 1989). 
These feature makes poplar and aspen as one of valuable tree species for 
further breeding. 
2 
Tissue culture 
After introduction of totipotency theory by Schwann and Schleiden in 
1938, rapid progress are occurred in areas of bio-science. The basic concept 
that a single cell capable of developing into a whole organism made to obtain 
first plant from a single cell culture (Muir et al., 1954). Discover of kinetin 
(Miller et al., 1955) accelerate progress in plant tissue culture technology. 
Due to the several advantages of tissue culture systems such as : (1) rapid 
multiplication rate, (2) small space requirement, (3) disease-free plant 
induction, (4) year round production, in vitro systems are now promised to 
provide the requirement for commercial and biotechnological application. 
Advanced in modem tissue culture system also made it possible to regenerate 
plants from various protoplast, cell, tissue, and organs of most of plant 
species. 
Objective of the study 
Due to the high totipotent ability and sensitive response in vitro, some 
of crop and horticultural species are easily micropropagated as commercial 
scale. However, in woody plant, reliable micropropagation system is quite 
limitedly available (Son and Hall, 1990a), partly by the difficulties of in vitro 
regeneration of tree species. 
Among the forest trees, Populus species were intensively studied in 
vitro due to the relatively high regeneration capacity and reproducibility. 
The objective of the study is to develop reliable, rapid regeneration 
system using one of valuable hybrid aspen {Populus alba X 
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P. grandidentata). Once developed, these system can be used for directly to 
produce commercial-scale micropropagues of this hybrid aspen, and indirectly 
to biotechnological applications to improve tree breeding programs. 
Explanation of dissertation format 
Format of this dissertation follows the alternate dissertation format 
described in the Graduate College Thesis Manual, Iowa State University 
(Published in 1990). This dissertation consists of a general introduction and 
seven individual papers that have been published or prepared for submission 
to scholarly journals. To integrate the individual papers included in this 
dissertation, they are followed by overall summary and discussions. The 
fifth ijaper deals with somaclonal variation of callus derived plants; 
chromosomal studies were conducted by junior author, Mr. Hung-Kyu Moon. 
The sixth paper, presenting long term and short term cold storage system of 
in vitro shoot cultures, was started by Dr. Young Woo Chun who was a 
previous student of Dr. Hall. The studies presented in the other papers in 
this dissertation were conducted by the first author (Ph.D. candidate) under 
the helpful advice and technical assistance of Dr. Hall. Even though 
supplementary expenses for two of the experiments (paper 5 and paper 8) 
were provided by a mini-grant from the Graduate College and Graduate 
Student Senate, most of all expenses for the experiments and financial 
support for me were provided by Dr. Hall under the project No 2210. 
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LITERATURE REVIEW 
Tissue culture in general 
The first attempt of higher plant tissue culture was done by 
Haberlandt (1902). Although his experiment using single cells isolated from 
various tissues were not divided, his clear concept of the problem stimulated 
numerous researches succeeded. After his landmark reports, between 1902 
to 1954, successful culture of tomato roots (White, 1934), first whole plant 
regeneration fi*om shoot tip culture of Lupinus and Tropaeolum (Ball, 1946), 
as well as first plant firom a single cell culture (Muir et al., 1954) were 
reported. After first discover of cytokinin (Miller et al., 1955), tremendous 
developments were marked on plant cell and tissue culture. Moreover, the 
first achievement of plant regeneration from protoplasts (Takebe et al., 1971), 
and the decovery of Ti-plasmid allowed introduction of modem DNA 
technology to the fields of plant cell and tissue culture. Now a days, plant 
cell and tissue culture system was considered as a powerful tools for most 
area of basic plant science. 
Poplar tissue culture 
In 1934, Gautheret reported successfiil shoot regeneration from 
cambial tissue of Populus nigra and other tree species. Around thirty 
years later, Mathes (1964), Winton (1968), and Wolter (1968) established 
plant regeneration system firom callus culture. They observed shoot and 
root induction firom different site of calli which possibly connected by 
vascular system. Even though there was a few reports on plant 
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regeneration, for example, shoot tip (Berbee et al., 1872; Chalupa, 1974) 
and stem (Chalupa, 1974; Winton, 1972) culture, extensive studies of 
poplar tissue culture were taken placed after 1975. Table 1 lists the 
published reports on in vitro culture of Populus species between 1975 to 
present. 
Due to the high regeneration capacity of Populus species, various cell 
and tissue were used as source materials (Ahuja, 1983a; Chun et al., 1987). 
With few exceptions (Agrawal and Gupta, 1991), juvenile expiants were most 
commonly used for poplar tissue cultiu-e. Bonga (1983) suggested the 
relationship between maturity and organogenic ability. 
Since the isolation and culture of protoplasts from tree species was 
first reported of Acer pseudoplatanus by Rona and Grignon (1972), there have 
been many reports on protoplast isolation and culture of Populus species. 
Some 10 years after Saito's pioneering work (1976), whole plant regeneration 
from leaf mesophyll protoplasts (Russell and McCown, 1986ab; Park and Son, 
1988b; 1991) and callus derived protoplasts (Lee et al., 1987) were reported. 
These results strong suggest the possibilty of somatic hybridization by 
protoplast fusion. 
Plant regeneration from callus culture of Populus species were well 
extablished by Winton (1968). To initiate shoot from callus culture, BA 
alone or BA with low levels of auxins were frequently used (Noh and 
Minocha, 1986; 1990). The effect of zeatin on multiple shoot regeneration 
from organogenic callus line was suggested by Son and Hall (1990b). 
Haploid which can be used for important breeding programs were 
obtained from many species of poplar by anther culture (Kim et al., 1975; 
Table 1. Tissue culture research with Populus species. 
Year Species Comment Reference 
Protoplast culture 
1976 P. euramericana 
cv. 1-214 
1980 
1982 Populus 
P. euramericana 
cv. 1-214 
P. trichocarpa 
X P. tacamahaca 
1983 P. tremula 
1983 P. tremuloides 
1985 P. tacamahaca 
XP. trichocarpa 
P. alba 
X P .  g r a n d i d e n t a t a  
P. alba 
X P .  g l a n d u l o s a  F i  
1986 P. alba 
X P. glandulosa 
Isolation Saito 
Polyethylene glycol (PEG) Saito c 
mediated protoplast fusion 
Review: Isolation, culture, Ahuja 
and fusion of protoplasts 
Isolation Douglas 
Isolation and culture of Ahuja c 
normal and mega 
protoplasts 
Isolation and culture Verma 
and Wann 
Effect of hydroxycinnamic Butt 
acid on protoplast isolation 
and culture 
Effect of enzyme mixture Chun 
on protoplast yield 
Isolation and culture of Youn et al. 
protoplasts derived from cell 
suspension culture 
Factors affecting protoplasts Park and 
yield Han 
P. euramericana 
cv. 1-214 
Isolation Park and 
Son 
P. alba Regeneration from Russell and 
X P. grandidentata leaf protoplasts McCown a 
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Table 1 (continued) 
P. alba 
X P .  g r a n d i d e n t a t a ,  
P. nigra 
X P. laurifolia 
1987 P. glandulosa 
'Uyeki' 
P. nigra 
P. alba 
X P .  g l a n d u l o s a  
P. alba 
P. sieboldii 
1988 P. alba 
X P. glandulosa 
P. alba 
X P. grandidentata, 
P. nigra 'Betulifolia' 
XP. trichocarpa 
1991 P. nigra 
X P .  m a x i m o w i c z i i  
Callus culture 
1975 Populus 
Betura,Ulmus 
P. euramericana 
cv, 1-214 
P. euramericana 
(Dode) Guinier 
Enhansed release of Russell and 
protoplasts via leaf McCown b 
grinding method 
Isoaltion, culture and Jang et al. 
fusion of protoplasts 
Plant regeneration from Lee et al. 
callus derived protoplasts 
Factors affecting Park et al. 
protoplasts isolation 
Protoplasts isolation Park and 
from callus and suspension Son 
cultured cells 
Callus fromation from Saito et al. 
protoplast culture 
Plant regeneration from Park and 
leaf mesophyll protoplasts Son b 
Regeneration from Russell and 
lesùf protoplast culture McCown a 
using sereen discs floated 
on liquid medium 
Fabric supported Park and 
semi-solid agar Son 
plating methoeds, and 
plant regeneration 
Plant regeneration from Chalupa 
unorganized callus tissue 
Medium test for callus Oota et al. 
growth 
Regeneration from free Riou et al. 
cells of callus 
Table 1 (continued) 
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P. tremuloides 
1977 P. euramericana 
1979 P. davidiana 
XP. bolleana 
1980 P. euramericana 
cv. 1-214 
P. euramericana 
1-45/51 
1981 P. sieboldii 
X P. grandidentata 
1985 P. alba, 
P. nigra 
1986 P. alba 
X P .  g l a n d u l o s a  
P. tremuloides 
1987 P. alba 
X p. glandulosa 
1988 P. alba 
Total peroxidase activity of Wolter and 
calli-clones Gordon 
Shoot regeneration from Lester 
callus and Berbee 
Rapid propagation from Chen et al. 
shoot tip derived callus 
culture 
Effect of inorganic elements Saito a 
on shoot differentiation 
Effect of organic and Saito b 
inorganic compounds on 
shoot formation 
Effect of zeatin and NH4NO3 Saito and 
on shoot formation Kawanobe 
Induction of morphogenesis Kapusta 
and plantlet from callus and 
Skibinska 
Plant regeneration from Rim et al. 
stem intemode derived 
callus culture 
Plant regeneration from Noh and 
leaf segment derived callus Minocha 
culture 
Clonal variation of callus Moon et al. 
cultures 
Regeneration of plantlet Park and 
from cell suspension derived Son c 
callus culture 
P. nigra Plant regeneration from 
long term cultured callus 
Sumiya et 
et al. 
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Table 1 (continued) 
1989 P. ciliata 
1990 P. tremuloides 
1990 P. alba 
X P. grandidentata 
Anther culture 
1975 P. simonii 
XP. nigra, 
P. ussuriensis 
P. nigra 
1976 P. ussuriensis, 
P. simonii, 
P. nigra hybrid 
1977 P. berolinensis 
XP. nigra, 
P. simonii, 
P. harbinensis 
XP. pyramidalis, 
P. canadensis 
X. P. koreana 
1980 Populus 14 species 
1982 P. euramericana 
cv. eugenei, 
P. tacamahaca 
X P. deltoides 
1983 P. glandulosa 
Somatic embryogenesis 
and plant regeneration 
from callus and cell 
suspension culture 
Pigment and isozyme 
varition of calli-clones 
Plant regeneration from 
callus derived from leaf, 
stem, and root segments 
Plant regeneration from 
anther derived callus. 
Albino were observed at 
low frequency 
Cheema 
Noh and 
Minocha 
Son and 
Hallb 
Heilungki 
-ang Inst. 
Haploid plant regeneration Wang et al.. 
Different growth regulator 
requirement for each species 
Hapliod plant production 
from anther cultures on 
specified media 
Plant regeneration from 
anther culture 
Karyotype analysis of calli 
derived from pollen and 
haploid plant induction 
Haploid plant formation 
from anther culture 
Heilungki 
-ang Inst. 
North 
Eastern 
Forestry 
Academy 
Zhu et al. 
Ho 
Kim et al. 
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Table 1 (continued) 
1985 P. maximowiczii 
XP. deltoïdes 
1986 P. maximowiczii 
1988 P. maximowiczii 
P. deltoïdes 
1990 P. maximowiczii 
Shoot tip culture 
1977 P. euramericana 
(Dode) Guinier 
1980 P. nigra 
1980 P. ciliata 
Haploid plant production Ho and Raj 
from anther ciùture 
Induction of haploid Kim et al. 
callus and haploid 
plants form anther culture 
Gametoclonal variation of Stoehr and 
anther derived plants Zsufla 
Haploid plant production Uddin et al. 
form anther culture 
Haploid plant via Stoehr and 
embryogenic callus Zsufifa 
Within-clonal variation Lester and 
among in vitro derived Berbee 
plants 
Media test for culturing Chen and 
shoot apical tissue Huang 
Multiple shoot induction Mehra and 
from lamina-discs Cheema 
Bud culture 
1977 P. nigra Italica', 
P. deltoïdes 
X P. nigra ' Flevo', 
P. yunnanensis 
1979 P. davidiana 
XP. bolleana 
1981 P. alba 
X P. glandulosa 
Rapid propagation 
Plant regeneration 
Mass propagation 
through axillary bud 
culture 
Whitehead 
and Giles 
Li et al. 
Kim et al. 
Table 1 (continued) 
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P. euramericana 
'Guardi', 'Luisa', 
and 'Tiepolo* 
1982 P. alba 
X P .  g l a n d u l o s a  Fi, 
P. euramericana 
(Dode) Guinier *476' 
1983 P. tremula, 
P. tremuloides 
1984 P. tremula, 
P. tremuloides 
1987 P. davidiana 
Leaf culture 
1978 P. balsamifera 
1980 P. davidiana 
XP. bolleana 
1983 P. tremula, 
P. tremuloides 
1987 P. alba 
X P. grandidentata 
P. deltoïdes 
1988 P. maximowiczii 
XP. trichocarpa 
Rapid propagation 
by Whitehead and Giles's 
method. 
Mass propagation system 
through bud culture 
Rapid clonal propagation 
through bud, stem leaf and 
root culture 
Commercial scale 
micropropagation 
Propagation from 
terminal and axillary 
bud culture 
Callus formation and 
organogennesis 
Effect of growth regulators 
on organogenesis 
Rapid clonal propagation 
through bud, stem, leaf, and 
root culture 
Morphogenetic potential 
of leaf, intemode, and root 
expiants 
Plant regeneration from 
leaf-disc culture 
Herbicide tolerant shoot 
regeneration from leaf 
-disc culture 
Lubrano 
Kim et al. 
Ahuja a 
Ahuja 
Xu 
Bychenkova 
and David 
Chen et al. 
Ahuja a 
Chun et al. 
Prakash 
and 
Thielges 
Michel and 
Bauer 
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Table 1 (continued) 
P. nigra 
X P .  m a x i m o w i c z i i  
1989 P. nigra "betulifblia' 
XP. trichocarpa 
1991 P. alba 
X P. grandidentata 
Ovule and embzyo culture 
1983 P. pyramidalis 
X P.simonii 
1984 P. deltoides 
1985 P. simonii 
X P. pyramidalis, 
P. simonii 
X P. euphratica, 
P. simonii 
XP. lasiocarpa, 
P. simonii 
XP. wilsonii 
P.deltoides 
Organogenesis and 
somatic embryogenesis 
from punctured leaf 
culture 
Adventitious buds 
formation from 
micro-sectioned leaf 
-midvein culture 
Somatic embryogenesis 
from leaf culture 
Embryogénie development 
and plant regeneration from 
ovule culture 
Immature embryo culture 
for rescuing embryos from 
artificial hybridization 
Culture and regeneration 
from immature embryos of 
various developmental stage 
1987 P. deltoides 
Effect of BA and IB A on 
shoot development from 
ovules containing 
immature embryos 
Liquid culture method 
for rescuring immature 
embryos 
Park and 
Son a 
Lee-
Stadelman 
etal. 
Michler 
and Bauer 
Li et al. 
Kouider et 
al. 
Li and Li 
Savka et al. 
Savka et al. 
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Table 1 (continued) 
Stem culture 
1983 P. adenopoda 
P. grandidentata 
1983 P. tremula, 
P. tremuloides 
1984 P. nigra, 
P. deltoides, 
P. tacamahaca, 
P. trichocarpa, 
P. alba, 
P. wilsonii, 
P. trichocarpa 
X P. tacamahaca 
Morphological stable Lin et al. 
of stem segment derived 
plants 
Rapid clonal propagation Ahuja a 
through bud, stem, leaf, and 
root culture 
Adventitious shoot Douglas 
formation from stem 
intemode culture 
1986 P. tremuloides 
1987 P. alba 
X P. grandidentata 
1991 P. deltoides 
1991 P. euramericana 
Root culture 
Plant regeneration from Wann and 
cotyledons and hypocotyls Einspahr 
removed from seedling 
Morphogenetic potential Chun et al. 
of leaf, intemode, and root 
expiants 
Protein differences among Coleman 
shoots or callus which and Ernst 
induced from intemodal 
stem expiants 
Shoot regeneration from Agrawal 
nodal and intemodal and Gupta 
segments 
1983 P. tremula, 
P. tremuloides 
1986 2 clones of Populus 
Rapid clonal propagation Ahuja a 
through bud, stem, leaf, and 
root culture 
Plant regeneration from Zeldin and 
root culture McCown, 
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Table 1 (continued) 
1987 P. alba Morphogenetic potential Chun et al. 
X P .  g r a n d i d e n t a t a  of leaf, intemode, and root 
expiants 
1990 P. alba Multiple shoot Son and 
X P. grandidentata regeneration from root Hall a 
organ culture 
Stoehr and ZsufF, 1990; Wang et al., 1975; Zhu et al., 1980). Even though 
anther culture is a most promising approach for haploid production, field test 
of the anther derived haploid plants showed naturally doubling the 
chromosome number (Ho et al., 1982; Ho and Raj, 1985). 
Because shoot tip consists of cells of less differentiated and 
genetically more stable than other mature tissues, this source material 
was used for obtain true-to-type micropropagules (Chen et al., 1980). 
Mehra and Cheema (1980) reported multiple shoot induction by culturing 
thin layer lamina-disc isolated from shoot apical meristem. 
Morphogenetic potential of leaf culture were observed on a pure poplar 
(Ahuja, 1983a) and hybrid poplar (Chun et al., 1987). Furthermore somatic 
embryogenesis was also reported by culturing callus produced from leaf 
surface (Park and Son, 1988a; Michler and Bauer, 1991). 
The report of Raghavan (1976) which suggested that embryos of 
inviable hybrids possess the potential to development led the idea of isolation 
and culture of immature embryo in vitro to overcome the post-zygotic barries. 
In Populus species, ovule (Li et al., 1983; Savka et al., 1985) and 
immature embryo culture (Kouider et al., 1984; Li and Li, 1985; Savka et al.. 
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1987) was successfully demonstrated. 
Due to the obvious advantages (ease of manipulation, availability, less 
oxidation after excision etc.) in vitro grown root were used as a source 
material for micropropagation (Ahuja, 1983a; Zeldin and McCown, 1986; 
Chun et al., 1987; Son and Hall., 1990a). 
Stem is one of the frequently used expiants of poplar tissue culture. 
Douglas (1984) could observe adventitious shoot induction from 7 species of 
poplar stem culture. Lin et al. (1983) reported that the plant regenerated 
from stem segment is morphologically stable. Although rapid clonal 
propagation through stem culture was suggested (Ahuja, 1983a), mean 
number of multiple shoot from the expiants were relatively low. 
Large-scale micropropagation 
The ststem of plant tissue culture for mass propagation is well 
developed for commercial application in orchid and some horticultural crops 
(Stimart, 1986). In forest trees, quite limited studies were conducted on 
large scale micropropagation. The great differences between woody 
perennial and herbaceous plants are regeneration capacity, multiplication 
rate and/or period, and in vitro reproducibility. However, Winton (1968) 
and Chen (1979) have been shown that some Populus species can be 
propagated by callus culture, callus based regeneration system commonly do 
not offer a ready method for rapid propagation due to the slow and limited 
multiplication rate and genetic instability (Whitehead and Giles, 1977). 
Clonal multiplication of poplar was obtained by shoot culture (Sellmer et al., 
1989). To obtain rapid true-to-type micropropagules, bud culture system 
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was adapted for rapid propagation (Whitehead and Giles, 1977). Mass 
propagation system for commercial-scale was developed by same or modified 
Whitehead and Giles's method (Kim et al., 1982; Ahuja, 1984). Even 
though large-scale propagation system was successfully demonstrated on 
some genotypes of Populus species, there are limitations of commercial 
purpose such as lack of reliable systems for increased rate of multiplication, 
simplified hardening steps, and easy to transport. 
Somaclonal variation 
The attempts to capture somaclonal variation in tree species has been 
conducted both on coniferous and hardwood trees. Some examples of 
literature review of the studies concerning somaclonal variation of forest 
trees indicated various types of mutation (Table 2). Hence, loblolly (Renfroe 
and Berlyn, 1984) and lodgepole pine (Patel and Thorpe, 1984) as well as 
Norway spruce (Hakman et al., 1984) plant regenerated from embryonic 
tissue showed no apparent chromosomal alteration. Induced mutagenesis 
was also obtained using citrus protoplast (Vardi et al., 1975) and embryonic 
callus lines (Spiegel-Ray and Kochba, 1980). 
Even though there are quite limited reports on somaclonal variation in 
woody perennials (Durzan, 1984) compared with that of crops, current 
advanced tissue culture systems and DNA technology should be possiblly 
adaptable to generate useful traits of somaclonal variation. Moreover, short 
period requirements and high rates of mutation at cell levels may give unique 
advantages on genetic variation studies via in vitro systems of woody plants. 
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Table 2. Somaclonal variation of woody plants 
Species/iype of detected Somaclonal variant characters 
variation®^leference 
Populus X canadensis 
Moench. 
/(5) 
/Berbee et al., 
1972 
Acer pseudoplatanus 
/(2) 
/Bayliss and Gould, 
1974 
Citrus sinensis 
m 
/Vardi et al., 
1976 
Citrus grandis 
/(7) 
/Chaturvedi and Mitra, 
1975 
Shoots were obtained from shoot tip derived 
callus. Regenerated plants showed 
eliminated chlorotic symptoms suggestive 
of a virus disease and resorted the former 
vigor of tiie clone. 
Seed germinated trees (root tip) and 
nine cell suspension culture strains 
(stationary phase cells using batch 
culture system) were compared. These 
two source material showed a close 
correlation between DNA content and 
chromosome number. 
Maximum concentrations of EMS (ethyl 
methanesulphonate) for mutagenic 
treatment was 0.4% to the protoplasts 
isolated from non-differentiating ovular 
callus of shamouti orange. A-ray radiation 
of the protoplasts enhanced regeneration of 
embryoids from this citrus callus. 
Shoots were obtained from stem-callus 
(type-A tissue) and subcultured callus 
Ùne, named type-B tissue. When both 
types were grown in same medium, the 
type-B tissue produced numerous 
greenish bodies (subsequently embryoids), 
whereas type-A formed multiple shoot bud. 
a Detected somaclonal variation of tree species classes by : (1) 
phenotypic variation, (2) DNA content, chromosome number, and/or ploidy 
variation, (3) ultra structural variation, (4) isoenzyme band pattemal 
variation, (5) disease and/or salt resistant, (6) Induced mutant, (7) 
Regeneration pattern variation, and (8) genetically stable trait. 
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Table 2 (continued) 
Populus Xeuramericana 
(Dode) Guinier. 
/(l), (2) 
/Lester and Berbee, 
1977 
Pinus coulteri D. Don 
/(2) 
/Patel and Berlyn, 
1982 
Pinus lambertiana Dougl. 
/(5) 
/Dinër et al., 
1984 
Piceaabies L. 
/(8) 
/Hakman et al., 
1984 
Shoots were regenerated by shoot tip 
culture of five putative euramericana 
hybrid. Cuttings from each tissue 
culture originated plants showed a wide 
range of within-clonal variation in 
height, number of branches, leaf traits 
and chromosome numbers. 
Callus and multiple buds were 
regenerated from embryo expiants. 
Nuclear DNA contents (using chicken 
erythocytes as an internal standard) of 
callus and bud regenerated from 
expiants were 8C levels compare with 
that of expiants and sand-germinated 
seedling (avaeage 3C). 
Six callus lines were established from 
minced germinated embryos of sugar 
pine seeds (three seed for hypersensitive 
resistance to blister rust and the other 
for susceptible). Intercellular hyphae and 
intracellular haustoria were apparent in 
inoculated callus. Average surface radial 
growth of rust-resistanr and susceptible 
callus clone was 1.8 and 6.7 mm 
respectively. 
Adventitious buds and shoots were obtained 
from embryos of Norway spruce in vitro. 
Cytofluormetric measurements of nuclear 
DNA from these samples showed very 
stable conditions of diploid. Protoplast 
isolated from these source material 
also revealed one major peak at 2C which 
shown in external standard of buds 
collected from the field grown trees. 
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Table 2 (continued) 
Pinustedada L. 
/(8) 
/Renfroe and Berlyn, 
1984 
Pinus contorta Dougl. 
ex Loud. 
/(S) 
/Patel and Thorpe, 
1984 
Pinus koraiensis 
m _ 
/Kim and Park, 
1986 
Populus nigra 
XP. maximowiczii 
/ (5)  
/Park et al., 1988 
Alianthus altissima 
Swingle 
/(4) 
/Lee and Park, 1990 
(Unpublished results) 
Shoot, or tissue samples from embryos prior 
to bud formation were obtained from embryo 
cultures of loblolly pine. Nuclear DNA 
contents of the two samples using two-
wavelength microspectrophotometry 
showed between 2C and 4C which represent 
stability of nuclear DNA content during 
adventitious shoot formation pathway in 
this study. 
Shoots were initiated from embryonic, 
cotyledonary and hypocotyl expiants of 
lodge pine. The resists of the 
comparison between normal seedling 
and tissue culture regenerated plants 
showed no changes in chromosome 
number and no chromosomal 
abnormalities. 
Callus cultures were established from 
excised mature embryos in vitro. 
Cytological study of the callus cultured on 
GD (GresshofiF and Doy, 1972) medium 
supplemented with 0.54 jxM NAA (a-
naphthalene acetic acid) and/or 0.54 
NAA plus 0.45 |iM 2,4-D showed a wide 
range of variation in chromosome number 
from haploid to tetraploid. 
Average mean number of 14 shoots were 
obtained from punctured leaf cultures on 
the medium containing 50 mM of NaCl. 
Shoot cultures which screened from Nad 
contained medium (putative NaCl tolerant 
plant) reveals higher survival and no sign 
of decreased growth upon at 70 mM. 
Plant regeneration was obtained from 
cambium derived callus. Protoclones which 
established on soil condition showed 
significane isoenzyme band patternal 
differences in peroxidase, estrase, 
and GOT. 
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Table 2 (continued) 
Populus tremulodies 
Michx. 
/(1),(4) 
/Noh and Minocha, 
1990 
Populus maximowiczii 
/(l), (2) 
/Stoehr and Zsuffa, 
1990 
Pyrus communis L. 
/(2) 
/DeFoucaud et al., 
1990 
Populus alba 
H P .  g r a n d i d e n t a t a  Michx. 
/(l), (3) 
Son et al., 
1991 
Plants were regenerated from callus 
cultures. Two chimeric plants were 
observed out of 600 plant regenerated from 
callus. Out of 119 plants regenerated from 
leaf callus, 30 plants showed isoenzyme 
band pattemal variation in shikimic 
dehydrogenase and 41 in isocirtic 
dehydrogenase. 
Shoots were induced via embryogenic 
pathway. Phenotypic variation in shoot 
and root growth was apparent. Out of 
34 plants originating anther culture, 22 
plants had the haploid chromosome 
number (n=19), one had 17 chromosomes 
and 11 had diploid chromosome number. 
Stationary phase of pear frxiit cell 
cultures on cuntinuous culture system 
(bioreactor) were harvested. Previous 
2,4-D starvation in culture medium 
showed a shift in the ploid of the cell 
suspensions cultured on 4.5 |iM of 2,4-D 
contained medium. Hence, without 
previous starvation showed that a 
significant increase of ploid level and ploid 
heterogeneity on the medium containing 
6.8 of 2,4-D. 
Shoot cultures were maintained for more 
than 5 years at 4° C with minimal growth. 
When 5-year-old cold-stored shoot cultures 
were transferred to the greenhouse, color 
and growth pattemal variation were 
observed. During long-term cold storage 
there were local disruption of cambium 
connections and the accumulations of 
chemicals in some cells as observed by light 
microscopy 
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SECTION I. MULTIPLE SHOOT REGENERATION 
CAPACITY FROM VZTIRO AND IN 
VITRO DERIVED STEM NODE CULTURES 
OF HYBRID ASPEN {POPULUSALBA L. X 
P. GRANDIDENTATA MICHX.) 
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Multiple shoot regeneration capacity from ex vitro and in vitro derived stem 
node cultures of hybrid aspen iPopulus alba L. X P. grandidentata Michx.) 
Sung Ho Son and Richard B. Hall 
Department of Forestry, Iowa State University, Ames, lA 50011, USA 
Paper prepared for submission to Plant Cell Tissue and Organ Culture 
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ABSTRACT 
Physically modified stem nodes derived from ex vitro and in vitro 
expiants of hybrid aspen (PopM/MsaZôa L.XP. grandidentata Michx. 
'Crandon') were tested for their multiple regeneration capacity using a broad 
spectrum of cytokinins. 
Ex vitro originated stem nodes with excised axillary buds produced 11 
to 13 multiple shoots on 20 to 30 zeatin in Woody Plant Media (WPM) 
after 6 weeks of culture. Excision of axillary bud sprouts after 2 weeks of 
culture and re-culture of the remaining stem nodes on WPM supplemented 
with 1.0 to 2.0 nM 6-benzylamono purine (BA) and 10 to 30 |iM zeatin 
produced 13 to 15 and 7 to 8 shoots per expiant, respectively. Multiple tiny 
shoots were observed by culturing in vitro derived stem nodes (on which all 
leaves were removed) on WPM containing 30 to 50 |iM N®-
isopentenyladenine (2iP) and 20 to 50 |iM zeatin. Best results for multiple 
tiny shoot proliferation (32 to 50 per expiant) were obtained using in vitro 
derived expiants on 20 ^M zeatin media. 
Successful transplanting of these multiple shoots into the greenhouse 
and/or nursery growth was achieved. 
Key words : poplar, tissue culture, physiological modification of expiants, 
commercial applications. 
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INTRODUCTION 
In vitro culture systems are now well-established as a useful, tool for 
solving practical problems of current breeding programs (Chalupa, 1977; 
Wann et al., 1988) and mass cloning of superior genotypes of diverse woody 
plants (Ahuja, 1987; Lloyd and McCown, 1981; Son and Hall, 1990a; Wann 
and Einspahr, 1986). Commercially adaptable clonal propagation using the 
tissue culture method has been extensively studied in Populus species 
(Ahuja, 1984; Barocka et al., 1985; Christie, 1978; Park and Son, 1988; Son 
and Hall, 1990b; Whitehead and Giles, 1977). 
To obtain true-to-type micropropagules, the axillary branching method 
has been most commonly used (Chun et al., 1986; Coleman and Ernst, 1990). 
Although the axillary branching system seems to be a reliable method for 
cloning plus trees in vitro, the number of proliferations per given expiant is 
highly limited compared with that of the adventitious shoot regeneration 
methods (Ahuja, 1987; Son and Hall, 1989ab). To overcome these obstacles 
for large-scale propagation, adventitious shoot regeneration systems such as 
cell suspension, callus and leaf mid-vein cultures has been suggested 
(Douglas, 1984; Lee-Stadelmann et al., 1989). 
Due to the distinctive advantage of poplar stem node expiants such as; 
(1) easy collection, (2) simple process for in vitro establishment, (3) nature of 
shoot regeneration ability, (4) high degree of reproducibility, (5) ease in 
rooting in vitro and ex vitro, etc., these expiants have been extensively 
studied for clonal propagation of Populus species (Ahuja, 1983; Chalupa, 
1983; Douglas, 1984). Even though ex vitro and in vitro originated stem 
25 
node explants have been frequently used to establish aseptic shoot cultures 
as a starting source material and/or for direct shoot proliferation studies, 
there are still relatively few reports on commercial-scale multiple shoot 
proliferation from stem node expiants. 
Previously published literature review of poplar tissue culture systems 
show that most of the in vitro cultures were mainly focused on the type of the 
culture media (Ahuja, 1983; Kohlenbach and Wernicke, 1978) and micro-
environment (Monette, 1983). The important role of physiological 
modification of expiants to manipulate multiple shoot regeneration capacity 
has not been investigated. 
The objective of this present study was to develop methods to increase 
numbers of adventitious shoots regenerated alone, and/or with axillary shoot 
regeneration systems by modifying physiological conditions of expiants using 
a broad spectrum dosage of PGRs. 
I 
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MATERIALS AND METHODS 
PWnt materials 
Stem nodes were collected from upper parts of actively growing 
branches of 1-year-old greenhouse grown stock plants (Populus alba L. X 
P. grandidentata Michx. 'Crandon'. After removal of all leaves from the 
stem nodes, surface sterilization was performed by the previously reported 
methods (Park and Son, 1986). Stem nodes having a small piece of petiole 
were cut into pieces (ca. 3-4 cm in length) and used as ex vitro source 
material. 
In vitro shoot cultures were obtained by using previously reported bud 
culture systems (Son and Hall 1990a). To obtain a sufiRcient number of 
shoots, each shoot was removed from its shoot apex, then 10 bi- or tri-nodal 
shoots were culture in Magenta GA-7 vessels (7.6 X 7.6 X 10.2 cm; Magenta 
Co., Chicago, IL) containing 50 ml of media containing 0.88 |iM 6-
benzylamino purine (BA). After 5 subcultures with a 4 week interval on the 
same media, each shoot culture excised from multiplied axillary branches 
were maintained on shoot elongation media (growth regulator free) for more 
than 6 weeks. Plants of 8 to 10 cm in height with fully expanded leaves 
were used as in vitro source materials. 
Expiant preparation 
To test the ability for shoot proliferation, the preparation of ex vitro 
derived expiants was as follows: (1) a stem node containing one intact axillary 
bud, (2) excision of the axillary bud from the stem node at the time of 
27 
inoculation, and (3) move out axillary bud sprout which was obtained from 2 
weeks of stem node culture. In vitro expiants were obtained by cutting 3 to 
4 cm of aseptic shoot cultures which was maintained at least 6 weeks on 
shoot elongation media. For in vitro expiants, stem nodes with and without 
leaves were cultured to the tested media. 
Culture media 
To determine optimal type and concentrations of PGRs for multiple 
shoot induction from differently prepared expiants, media were prepared by 
incorporating four types of cytokinin (BA, 2iP, zeatin, and kinetin) at 
different levels. The concentrations of each cytokinins were as follow; 1, 2, 
3,4, 5,10, 20, 30,40, and 50 ^iM. The basal media used in this experiment 
was WPM (Lloyd and McCown, 1981). 
The media was adjusted to pH 5.8 before the addition of 0.75% Difco 
Bacto agar and autoclaved at 1.05 Kg cm-2 and 121° C for 15 min. The PGRs 
incorporated into the tested media were filter sterilized using a 0.2 pore 
size membrane filter and then added to the media at 45° C. 
Culture condition 
Each stem node expiant was cultured on a plastic petri dish (10 X 1.5 
cm) containing 20 ml of media supplemented with PGRs. The vessels were 
double sealed with Nesco film (Bando Chemical Ind., Ltd., Kobe, Japan) and 
incubated in a growth chamber at 25 ± 2° C with 60 ± 10% relative humidity, 
a 16h photoperiod, and a photosynthetically active photon flux rate of 40 - 60 
pE m-2 s'l from cool white fluorescent tubes. 
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Data collection 
Stem nodes from ex vitro and in vitro plants were inoculated on culture 
vessels with 4 and 8 expiants, respectively. The vessels were randomly 
placed on the culture shelves to minimize the effects that might be caused by 
different micro-conditions. Each experiment consisted of five replications 
and repeated twice. Mean number of multiple shoots (longer than 0.5 cm) 
were measured after 6 weeks of culture. Shoots smaller than 0.5 cm in size 
were described as multiple tiny shoots and counted under a disecting-
microscope. 
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RESULTS 
Multiple shoot induction from ex vitro derived stem node cultures 
The response of stem node expiants on different types and levels of 
PGRs are summarized in Table 1. When ex vitro derived stem nodes having 
one axillary bud were cultured on tested media, most of the expiants 
produced 1 to 2 shoots with some exceptions (Figure 1-1). Although 5 to 6 
shoots were rarely obtained on low levels of BA (1.0 |iM) and high levels of 
zeatin (10-30 ^ iM) using the expiants, the percentages of multiple shoot 
producing expiants were very low (ca 5 -10%). 
Ex vitro originated stem nodes with the axillary buds excised at the 
time of culture produced mean numbers of 11 to 13 multiple shoots on the 
zeatin treatment at the levels of 20 to 30 nM. However, this type of expiant 
was usually a poor shoot-forming (ca. 20 - 30%) source material. 
Excision of axillary bud sprouts after 2 weeks of culture led to increase 
number of multiple shoot. In the presence of BA at 1.0 to 2.0 |iM, rapid 
growing multiple shoots (13 to 15 shoots per expiant) were initiated (Figure 
1-5). Similar results were observed on zeatin treated (10-30 nM) media, 
but the size of the shoots was relatively smaller than that of BA 
-derived plants over the same culture periods. The rate of shoot-forming 
expiants using this source material was around 60 to 80 percent. 
Multiple shoot induction from in vitro derived stem node cultures. 
Using stem nodes with leaves, highly reproducible results were 
obtained (Table 1). An average number of shoots per each stem node for BA 
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Table 1. Multiple shoot regeneration from ex vitro and in vitro derived stem 
node cultures of hybrid aspen (Populus alba L. X P. grandidentata 
Michx. 'Crandon'). 
PGRs Mean number of shoots^ + SD 
Ex vitro-1^ Ex vitro-U^ In vitro-ï^ In vitro-11^ 
BA 1.0 1.3 ± 1.2 15.2 ± 3.9 18.7 ± 3.4 2.4 ± 0.8 
2.0 1.7 ± 0.5 13.3 ± 3.2 14.3 ± 2.5 5.3 ± 1.6 
3.0 0.7 ± 0.5 6.3 ± 0.7 8.0 ± 1.6 9.7 ± 1.3 
4.0 1.0 ± 0.0 3.3 ± 3.3 9.3 ± 1.4 14.5 ± 3.2 
5.0 1.6 ± 1.2 3.0 ± 0.6 7.6 ± 3.6 6.3 ± 1.2 
10.0 0.7 ± 0.5 1.3 ± 0.5 2.4 ± 1.4 23.3 ± 13.2t 
20.0 0.3 ± 0.2 2.3 ± 1.2 1.3 ± 0.6 22.6 ± 6.2t 
30.0 0.4 ± 0.4 2.4 ± 1.1 1.3 ± 0.3 12.3 ± 4. It 
40.0 0.0 ± 0.0 1.2 ± 0.6 1.0 ± 0.5 11.3 ± 11.9t 
50.0 0.0 ± 0.0 1.0 ± 0.2 1.6 ± 0.8 13.2 ± 7.4t 
2iP 1.0 0.0 ± 0.0 1.7 ± 0.5 1.3 ± 0.4 3.3 ± 0.7 
2.0 0.3 ± 0.5 2.3 ± 1.2 1,2 ± 0.2 4.3 ± 1.8 
.3.0 0.0 ± 0.0 1.4 ± 0.5 1.8 ± 0.2 3.3 ± 1.2 
4.0 0.7 ± 0.9 1.9 ± 1.1 2.1 ± 0.1 3.3 ± 0.7 
-5.0 0.6 ± 0.4 1.3 ± 0.5 4.6 ± 1.1 7.2 ± 1,8 
10.0 5.7 ± 2.8 2.3 ± 1.2 9.3 ± 2.5 26.3 ± 12.6t 
20.0 8.0 ± 2.1 3.0 ± 1.6 5.7 ± 1.3 33.3 ± 15.3t 
30.0 8.0 ± 3.5 4.3 ± 2.5 11.5 ± 5.2t 22.4 i 8.8t 
40.0 2.3 ± 2.1 1.0 ± 0.0 23.3 ± 12.2t 23.5 ± 12.3t 
50.0 1.0 ± 0.9 1.0 ± 0.1 12.5 ± 8.6t 12.1 ± 3.3t 
^ Abbreviations: PGR: Plant Growth Regulator; BA: 6-benzylamino 
purine; 2iP: N^-isopentenyladenine; Kn: kinetin; Zn: zeatin. 
^ Each numerical value (mean ± standard deviation) was determined 
after 4 weeks of culture from 5 replications each in 2 experiment. 
G Ex vitro derived stem nodes with axillary bud excised at the time of 
culture 
^ Ex vitro derived stem nodes with axillary bud sprout excised after 2 
weeks of culture 
® In vitro stem nodes containing leaves 
^ I n  v i t r o  stem nodes with leaves excised at the time of culture 
t Represent number of multiple tiny shoots (shoot size shorter than 5 
mm) 
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Table 1 (continued) 
Kn 1.0 0.0 ± 0.0 1.0 ± 0.2 1.5 ± 0.5 3.0 ± 1.8 
2.0 0.0 ± 0.0 1.3 ± 0.8 3.4 ± 2.6 2.3 i 0.4 
3.0 0.0 ± 0.0 1.3 ± 0.5 4.3 ± 1.3 2.7 ± 2.1 
4.0 0.0 ± 0.0 1.0 ± 0.8 5.3 ± 1.3 3.0 ± 1.9 
5.0 1.0 ± 0.4 1.4 ± 0.3 6.8 ± 2.4 2.8 ± 2.6 
10.0 2.1 ± 1.8 1.2 ± 0.8 7.0 ± 3.2 2.3 ± 0.5 
20.0 2.0 ± 1.6 2.7 ± 1.1 3.2 ± 0.6 1.7 ± 0.2 
30.0 1.3 ± 1.2 2.4 ± 1.5 4.7 ± 1.2 1.0 ± 0.8 
40.0 3.1 ± 2.6 3.2 ± 2.5 3.2 ± 2.6 2.0 ± 1.0 
50.0 0.7 ± 0.5 0.5 ± 0.8 1.8 ± 0.2 1.0 ± 0.2 
Zn 1.0 3.0 ± 1.8 1.0 ± 0.0 4.3 ± 1.0 3.7 ± 0.5 
2.0 2.7 ± 0.5 2.7 ± 1.2 6.3 ± 1.2 4.6 ± 0.8 
3.0 2.7 ± 2.1 3.2 ± 1.1 4.3 ± 0.5 5.9 ± 1.0 
4.0 3.2 ± 0.8 3.4 ± 1.0 7.2 ± 2.3 8.9 ± 1.2 
5.0 7.2 ± 2.5 4.5 ± 2.4 18.6 ± 3.8 6.1 ± 2.1t 
10.0 6.3 ± 1.6 7.3 ± 2.2 10.5 ±4.1 23.2 ± 8.6t 
20.0 13.2 ± 5.6 8.7 ± 1.3 22.5 ± 5.4t 51.7 ±11.3t 
30.0 11.0 ± 4.5 8.3 ± 3.1 24.9 ± 17.6t 47.3 ± 13.5t 
40.0 25.2 ± 12.6t 21.0 ± 7.2t 21.8 ± 10.3t 43.5 ± 15.4t 
50.0 21.8 ± 13.7t 13.4 ± 4.6t 12.9 ± 6.6t 32.1 ± 11.6t 
(1.0 - 2.0 |iM) and zeatin (5 -10 nM) were 14 to 19 and 10 to 19, respectively. 
The rate of multiple shoot-forming expiants was almost 100%. Multiple tiny 
shoots were observed using the expiants on the media containing a high 
concentration of 2iP (30- 50 ^M) and zeatin (20 - 50 |iM). Most of the these 
multiple tiny shoots were induced on the basal portions of the stem nodes 
with mean shoot numbers of 11 to 25. 
Cultures of stem nodes with all their leaves removed at the time of 
inoculation revealed slightly lower numbers of multiple shoots producted 
compared with that of in vitro stem nodes having leaves. However, these 
expiants showed highly increased numbers of multiple tiny shoots when 
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cultured on zeatin (20 - 50 ^iM) media. Mean numbers of proliferated shoots 
were 32 to 52 per expiant. 
Figure 1. Multiple shoot induction from ex vitro derived stem node cultures of hybrid aspen 
iPopulus alba L. X P. grandidentata Michx. 'Crandon'). (1-1) stem node with 
axillary bud, (1-2) and (1-3) stem node with axillary bud excised at the time of 
culture, (1-4) and (1-5) stem node with axillaiy bud sprout excised after 2 weeks of 
culture. 

Figure 2. Multiple shoot induction from in vitro derived stem node cultures of hybrid aspen 
iPopulus alba L. XP. grandidentata -Michx. 'Crandon'). Shoot proliferation from 
stem node with leaves on BA (2-1 to 2-2), kinetin (2-3), and zeatin (2-4), supplemented 
media. Stem node cultures with leaves removed on kinetin (2-5), 2iP (2-6), and zeatin 
(2-7) containing media. 
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DISCUSSION 
In vitro bud and stem node cultures of various species of Populus have 
previously been reported (Ahuja, 1984; Kim et al., 1981). However, each 
expiant normally gave 2 to 10 shoots when supplied with basal media and a 
relatively low level of BA (0.88 ^iM) and zeatin (below 5 |iM). To increase 
the number of shoots per given cell and tissues, various studies have been 
undertaken on poplar tissue culture. Examples include the use of liquid 
media and selection of suitable vessel sizes and shoot density of expiants 
(Chun et al., 1986). The present observations deal with the multiple shoot 
regeneration capacity of differently prepared stem node cultures. This study 
revealed the fact that there are strong relationships between modified 
physiological conditions of expiants and their multiple shoot production 
habits and abilities. The selection of suitable expiants and their treatment 
are keys to commercial-scale propagation programs of this genotype of hybrid 
aspen. 
One of the significant results from our observation with axillary bud 
sprouts excised ex vitro derived expiants suggests a high possibility of 
application of the reliable two-step methods (Ahuja, 1987; Son and Hall, 
1990a). The important aspects of reducing tissue cultural steps for 
commercial application has been well described (Ahuja, 1987). 
Coleman and Ernst (1990) reported shoot proliferation rates of 6 per 
leaf removed stem node culture in Populus deltoides using 4.56 |xM zeatin. 
Even though the tested species are different, the results of our experiment 
where 5 |iM zeatin was incorporated into the media revealed very similar 
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results to that of their observations. By increasing the level of zeatin at 2 to 
10 times that of Coleman and Ernst's dosage, it was possible to obtain 
multiple tiny shoots (30 - 50 shoots per expiant). Without excised individual 
shoots, transferred multiple tiny shoots containing stem node expiants or 
pieces of the expiants (containing at least 10 tiny shoots) on PGR free media 
usually elongated 3 to 5 shoots. 
Because the growth problem related to multiple tiny shoots can be 
overcome by a rescue treatment (Son and Hall, 1991), this system for 
commercial-scale micropropagation may be adaptable if genetic stabiUty of 
the propagules warrants further development. 
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ABSTRACT 
Excised roots of various ages from 'Crandon' and 'Hansen' clones of 
Populus alba XP. grandidentata were tested for regeneration capacity. 
Sixty-day-old excised roots tips were found to be most suitable. The highest 
number of shoots (an average of 111 shoots/root segment with 'Crandon' and 
98 with 'Hansen') was obtained by adding 22 |iM and 14 |iM zeatin to the 
medium, respectively. The two clones of hybrid poplar responded similarly 
to growth regulator treatments; however, the number of shoots produced was 
greater from the root organs derived from 'Crandon' clones. Regenerated 
shoots were rooted in basal Woody Plant Medium without any growth 
regulators. Successful transplantation into soil and growth was achieved 
with all plants. 
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INTRODUCTION 
Poplars and aspens are gaining importance as forest trees because of 
their characteristics as pioneer species for new sites, rich potential for short-
ratation culture, fast growth rate, and suitability for different planting sites 
(Ahuja, 1987; Chun et al., 1986; Evers et al., 1988; Hall et al., 1982; Park and 
Son, 1988). Although poplars can be vegetatively propagated by root 
suckers, grafting, and the rooting of green shoots, the commercial feasibility 
of the vegetative production of specific genotypes for planting is limited by 
the low yield of existing techniques (Ahuja, 1987). By using tissue culture 
techniques, it has become possible to obtain rapid and reliable clonal 
propagation of selected poplar and aspen genotypes. 
. In Populus species, various expiant sources have been used for 
extensive regeneration studies (Chun et al., 1986; Douglas, 1984; 1985; Rim 
et al., 1981; Mohamed et al., 1984; Noh and Minocha, 1986; Park and Son, 
1988; Park and Son, 1989; Russell and McCown, 1986). Although many 
species of herbaceous plants have been regenerated from root organ cultures 
(Bonnett ^d Torrey, 1965; KefiFord and Caso, 1972; Kim et al., 1981), there 
are relatively few reports about woody plants (Burger and Hackett, 1986; 
Harada, 1975; Mukhopadhyay and Mohanm Ram, 1981). This expiant 
source ofifers obvious advantages (ease of manipulation, availability, less 
oxidation after excision, etc.) in comparison with shoots, leaf-discs or other 
organ cultures. 
The objective of the present study was to determine the most suitable 
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growth regulators for producing multiple shoots from root organs cultured 
vitro. 
47 
MATERIALS AND METHODS 
Axillary buds were obtained from actively growing shoots of 
greenhouse-grown stock plants ofPopulus alba X P. grandidentata clones 
'Crandon' and 'Hansen' that were 6 months old. The shoot parts (3-4 cm in 
length) were sterilized by the method of Park and Son (1986). For initial 
establishment of shoot cultures, excised buds were individually transferred to 
test tubes (2.4 X15 cm) containing 10 ml of Woody Plant Medium(WPM: 
Lloyd and McCown, 1980) without growth regulators. Following two 
subcultures, the cultures were subdivided and placed on the same medium 
supplemented with 0.88 pM 6-benzylaminopurine (BA) for rapid proliferation 
(Park and Son, 1988). In vitro stocks were maintained by culturing 10 bi- or 
tri-npdal shoots in Magenta GA-7 culture vessels (7.6 X 7.6 X 10.2 cm) with 
50 ml of medium. After sufficient proliferation, shoots were transferred to 
Magenta GA-7 culture vessels for shoot elongation on a medium with the 
same composition as the establishment medium. 
Fully expanded plantlets (8 cm in length) served as the source 
material. The distal 8 -10 cm portion of each healthy root system was 
excised. Suitable roots for this procedure were approximately 1 mm in 
diameter and had 10 - 20 small lateral roots with root hairs. Such segments 
were then randomly assigned to plastic Petri dishes (12 X 1.5 cm) containing 
20 ml of culture medium into which different types and concentrations of 
cytokinins were incorporated. Each experiment consisted of five replications 
and two excised roots per treatment. The medium was adjusted to pH 5.7 
with 0.1 N NaOH or HCl before addition of 0.75% (w/v) Difco bacto agar and 
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autoclaved at 1.05 Kg cm ^ and 121° C for 15 min. All growth regulators 
were added to the sterilized medium after filtration through a 0.2 pm pore 
size membrane filter. 
To confirm shoot induction capacity, root expiants of six different ages 
were tested on various concentrations of zeatin. A comparison was made of 
shoot production fi^equencies on four cytokinins: BA, kinetin, N® -
isopentenyladenine (2iP), and zeatin. To determine optimal conditions with 
each cytokinin, tests were run at each of the following concentrations; 0.05, 
0.1, 0.2, 0.3, 0.4, 0.5,1, 2,4,6, 8,10,12,14,16,18, 20, 22, 24,26, 28, 30, 32, 
34, 36,38,40, 50 |xM. The cultures were maintained at 25 ± 2° C with 60 ± 
10% relative humidity, a 16h photoperiod, and a phtosynthetically active 
photon flux rate of40-60 nE m-2 s'^ firom cool-white fluorescent tubes. Data 
presented were collected after 6 weeks, but cultures were routinely 
maintained for a period of 8 weeks. 
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RESULTS AND DISCUSSION 
To test for their ability to induce shoot regeneration capacity, excised 
root segments were cultured directly onto WPM medium. All four growth 
regulators gave a high mean number of shoots, but the differences were 
small, with the exception of zeatin (Figure 1). From a preliminary 
experiment, it was observed that the terminal 8 -10 cm segments of excised 
roots did not exhibit major differences in capacity to produce shoots along the 
length of the excised segment that is located 5 to 10 cm from the root apex. 
Bonnett and Torrey (1965) have reported a similar result using root segments 
of Convolvulus. 
. Data in Figure 2 demonstrate that root organ cultures of 60-day-old 
root expiants were the most prolific shoot formers with these hybrid poplars. 
Further experiments were therefore conducted with root segments that were 
8 -10 cm in length and 60-day-old excised root organs obtained 
simultaneously from shoot cultures. After 2 months, no shoot induction was 
observed on the root orjgans cultured on WPM salts supplemented with 
vitamins, agar and sucrose but devoid of growth regulators. By employing 
low levels (1-5 nM) of a-naphthaleneacetic acid (NAA), vigorous second-
order root formation and long-term cultures have been accomplished. This 
result suggests the possibility for studies of endomycorrhizal colonization 
using woody plant root organ cultures. The addition of cytokinins to the 
basal medium resulted in the first visible signs of root diameter increase 
(Figure 1-B) and promotion of shoot differentiation from the roots of the two 
Populusalba XP.grandidentata clones. 
Figure 1. Multiple shoot regeneration from root organ explants of Populus alba X 
P. grandidentata after 6 weeks of culture on WPM medium: (1) multiple shoots from 
'Hansen' clone with 14 |iM zeatin, (2) shoots from 'Crandon' with 22 ^iM zeatin, (3) 
shoots from 'Crandon' with 1.0 pM BA, (4) shoots from 'Crandon' with 2.0 |iM 2iP, 
(5) shoots from Hansen' with 0.4 pM BA (bar = 1 cm). 
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To enhance and to improve the frequency of multiple shoot induction, 
four different cytokinins were tested at concentrations ranging from 0 to 50 
HM. Other combinations of cytokinin plus auxin did not increase the 
number of multiple shoots in comparison with cytokinin alone (data not 
shown). Data in Figure 3-A demonstrate that lower concentrations of BA 
were more effective in stimulating shoot production, with no shoot formation 
response occurring at concentrations higher than 14 |iM with either clones. 
Using BA, a mean number of 8.8 shoots were induced with 1.0 [iM on 
'Crandon' clone, and 10.6 shoots were induced with 0.4 on "Hansen' clone 
(Figure 3-A). Kinetin and 2iP gave the same tendency as BA but with a 
broader range of response. Kinetin was optimum at 4.0 |xM for 'Crandon' 
and 6.0for "Hansen' (Figure 3-B), whereas 2iP was best at 2.0 |iM for 
'Crandon' and 4.0 for "Hansen' (Figure 3-C). For both clones the highest 
frequency of multiple shoot formation (all replicates showing shoot 
regeneration with an average shoot number per root segment of 111 for 
'Crandon' and 98 for 'Hansen') was achieved by using 22 |iM and 14 
zeatin, respectively (Figure 3-D). 
The formation of adventitious buds from root segments generally 
occurs after callus formation especially at the cut end. Since all regenerated 
shoots, seen in Figure 1, for two clones were induced without any visible 
callus formation as an intermediate step, this developmental process is 
considered as direct shoot organogenesis. Goforth and Torrey (1977) also 
reported direct bud production without callus formation on the roots of 
Comptonia (Goforth and Torrey, 1977). 
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Figure 2. The effect of varying ages on the production of shoots from root organ culture of 
Populus alba X P. grandidentata. (A) 'Crandon' and (B) "Hansen clones. Each 
value represents the mean ± standard error of 5 replications each in 3 experiments. 
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Figure 3. The effect of varying concentrations (jiM) of cytokinins on the production of shoots 
from root organ expiants of Populus alba X P. grandidentata 'Crandon' and 
'Hansen' clones. (A) BA, (B) kinetin, (C) 2iP, (D) zeatin treatments. Each value 
represents the mean ± standard error of 5 replications each in 3 experiments. 
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Based on these results, approximately 20,000 plantlets could be 
produced every 8 weeks (with 100 Petri dishes with two excised root 
segments) for annual scale of up to 130 000 plantlets. 
Regenerated shoots were excised and transferred to the. hormone-free 
medium supplemented with WPM salts, vitamins, 0.75% (w/v) agar, and 3% 
(w/v) sucrose. After 8 weeks of subculture on basal medium, the rooted 
plantlets of both clones reached a height of approximately 10 cm. Plantlets 
were subsequently transferred from in vitro to soil conditions with a survival 
rate of greater than 98%. 
It is observed that some shoots induced from media containing lower 
levels of cytokinin showed more rapid growth than those on media with 
higher levels (Figures 1-A, 1-B), whereas shoots induced by higher 
concentrations of growth regulators sometimes showed vitrification. Zeatin 
exhibited the greatest capacity for inducing multiple shoots; however, the 
growth of the shoots generated on zeatin was less than that of shoots 
generated on other cytokinins used (Figures 1-A, 1-B). This problem was 
easily alleviated by replacing the solid medium with liquid medium at an 
early stage (after 4 week). Chun and Hall (1986) also reported that liquid 
medium supported greater fresh weight growth than agar solidified medium 
(speculation). This investigation of factors affecting the regeneration 
process in a root culture system enabled us to develop a technique to obtain 
very high regeneration frequencies with zeatin treatment. 
This system appears to be readily adaptable for large-scale clonal 
propagation aimed at economically attractive reforestation; however, further 
experiments of the genetic uniformity of plantlets produced in such a manner 
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are warranted. The high frequency shoot regeneration and survivability 
capacity of root culture based system could contribute to studies involving 
genetic transformation, cytopreservation, as well as somaclonal variation of 
woody plant. 
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ABSTRACT 
Explants for establishing callus cultures originated from in vitro 
cultured hybrid poplar {Populus alba L. X P. grandidentata Michx.). Plant 
regeneration was achieved from established callus cultures derived from stem 
internodes (SI), leaf discs (LD), and root segments (RS). Shoot regeneration 
from callus occurred within 4 weeks of culture on most of the media tested. 
Frequency of shoot formation was greatly increased by subculturing 
the selected organogenic calli on regeneration media. The highest rate of 
multiple shoot formation (an average number of 7/81,11/LD, and 8/RS) was 
obtained by using 0.05 ^iM IBA in combination with 22.5 pM 2iP, 22.5 |iM 
zeatijci, and 12.5 jiM 2iP, respectively. Regenerated shoots were easily 
rooted in polyterra™ peat plugs in transparent plastic boxes. The rooted 
plantlets were subsequently transferred to pots containing an artificial 
potting mix. 
Abbreviations : BA: 6-benzylaminopurine; 2iP: N^-isopentenyladenine; Z: 
zeatin; 2,4-D: 2,4-dichlorophenoxyacetic acid; IBA: indole-3-butyric acid; 
WPM: Woody Plant Medium; PGR: Plant Growth Regulator. 
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INTRODUCTION 
In vitro regeneration of plants from callus cultures is often an essential 
final step for somatic hybridization, and can be used to generate somaclonal 
variation for selection of desirable traits (Chalupa, 1987; Ettinger et al., 1986; 
Lester and Berbee, 1977; Ostry and Skilling, 1988). It also can provide an 
additional tool for cellular genetic manipulation in tree improvement 
programs (Park and Son, 1988b). Plant regeneration systems have been 
extensively studied using protoplasts (Lee et al., 1987; Park and Son, 1988b; 
Russell and McCown, 1986; 1988), cell suspension (Cheema, 1989; Park and 
Son, 1988c), callus (Chalupa, 1974; Saito, 1980; Winton, 1970; Wolter, 1968), 
tissue (Ahuja, 1983; Douglas, 1984; Lee-Stadelmann et al., 1989; Park and 
Son,. 1988a; Sellmer et al., 1989), and organ (Son and Hall, 1990) cultures of 
Populus species. Nevertheless, there are relatively few reports of multiple 
shoot differentiation from callus cultures of this genus (Noh and Minocha, 
1986; Park and Son, 1988c). 
This communication reports the effects of different PGRs on the 
regeneration potential of callus cultures derived from three tissue types of 
hybrid poplar. Callus-based regeneration systems, originating from 
different expiant sources, extend the choices of starting material for tissue 
culture research with woody plants. 
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MATERIALS AND METHODS 
Plant materials 
For the initial establishment of in vitro cultures, 3 to 4 cm nodal stem 
sections containing axillaiy buds were cut in February, 1988 from 6-month-
old plants oiPopulus alba L. XP. grandidentata Michx. 'Crandon', which 
were maintained in a greenhouse as stock plants. To initiate shoot 
elongation, the bud parts were cultured on WPM (Lloyd and McCown, 1980) 
without PGRs. In vitro shoot cultures were then maintained by 
subculturing 10 binodal or trinodal shoots in Magenta GA-7 boxes (7.6 X 7.6 
X 10.2 cm; Magenta Co., Chicago, IL) containing 50 ml of the same medium. 
After three subcultures, at approximately 4-week intervals, well-developed 
plantlets (6-8 cm in height) served as source material for callus cultures. 
Shoot cultures were maintained at 26 ± 1° C with 60 ± 10% external relative 
humidity, 16h photoperiod, and a photosynthetically active photon flux rate 
of40-60 ^lE m-2 s'^ from cool white fluorescent tubes. 
Establishment of callus cultures 
Primary callus was initiated from stem, leaf, and root segments of in 
vitro shoot cultures. The preparation of expiants for callus induction in this 
study was as follows: (1) for stem intemode expiants (SI), leaves were 
removed, and the stem intemodes were divided in half by transverse 
sectioning of each 1 cm stem expiants; (2) for leaf-disc (LD) expiants, leaves of 
approximately 1.5 cm width were divided equally along the midvein, and two 
0.2 cm wide sections of leaf lamina containing the split midvein were excised; 
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and (3) for root segment (RS) expiants, 0.2 cm portions at the root collar and 
root tip were removed, and the remaining roots were divided into expiants 1 
cm in length. Expiants were placed in plastic petri dishes (12 X 1.5 cm) 
containing 20 ml WPM supplemented with 0.5 |iM BA and 2.5 nM 2,4-D. 
The pH of the medium was adjusted to 5.7 before the addition of 0.5% (w/v) 
Difco Bitec™agar and autoclaved at 1.1 kg cm-2 (121° C) for 15 min. 
Cultures were maintained in darkness at 26 ± 1° C. Callus usually was 
induced within the first 2 weeks of culture, and subcultures were performed 
every 4 weeks. For subculturing, the exterior parts of callus were sliced into 
sections (approximately 0.3 X 0.3 cm) and transferred to the same media. 
To obtain a sufficient amount of callus, this proliferation step was repeated 
four more times. 
Shoot regeneration 
Proliferated callus was subcultured on media containing 20 2iP, 
and exposed to light as an intermediate step in the regeneration study. After 
4 weeks of culture on the media, organogenic calli were separated, sliced into 
small pieces (ca. 0.2 cm in diameter) and used as experimental units. Five 
pieces from each callus line were randomly assigned to the culture vessels 
with 3 replications into which different PGRs were incorporated. This 
process was repeated three times. Tests of cytokinin (BA, 2iP, zeatin) levels 
were run from 0.0 to 30.0 ^iM. All PGRs were filter-sterilized before 
incorporation into the medium (at 45° C). 
For the regeneration study, 125 ml Erlenmeyer flasks were used as 
culture vessels. These were capped with aluminum foil and double-sealed 
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with Nesco fihn (Bando Chemical Ind., Ltd., Kobe, Japan). Cultures were 
maintained under the same conditions as specified for the shoot cultures. 
Quantitative data from each of 3 experiments were collected and combined 4 
weeks following the final subcultures. An P test was used to detect 
differences between cytokinins for their shoot induction ability and the 
Student-Newman-Keuls Multiple Range Test was used to detect differences 
between levels of each cytokinin. 
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RESULTS AND DISCUSSION 
Each of the segments cultured on proliferation media (WFM 
supplemented with 0.5 pM BA and 2.5 |iM 2,4-D) showed vigorous callus 
growth from the cut ends. Within 4 weeks most of an entire segment turned 
into a mass of friable, yellow callus. Regeneration efficiency was very low 
when the vigorously growing yellow calli were transferred directly from the 
proliferation media to the regeneration media. However, when these calli 
were first transferred to media containing 20 |iM 2iP, and exposed to light, 
numerous shoot-forming meristems were produced. Usually the 
differentiating calli contained localized green spots with red bases. Figures 
1-1 to 1-4 indicate the location of an intense red pigmentation that occurred 
at the bases of morphogenic centers. Multiple shoot induction consistently 
occurred from these red colored regions on the organogenic callus. This 
suggests that cells which accumulate this red pigment may have a higher 
regenerative capacity than the unpigmented cells. 
Organogenic calli were cultured on regeneration medium 
supplemented with various types and concentrations of PGRs. Among the 
auxins tested, EBA demonstrated the greatest potential for shoot induction, at 
a concentration of 0.05 (Park and Son 1988c). Therefore, further 
experiments were conducted using media containing this level of IB A in 
association with various concentrations of BA, 2iP and Z. 
F tests on each treatment in the ANOVA revealed highly significant 
differences at a=0.01. Shoot regeneration capacity of each callus line was 
analyzed by the Student-Newman-Keuls Multiple Range Test (Table 1). 
Table 1. Effect of Qrtokinins on the regeneration frequency of shoots from stem intemode, 
leaf-disc, and root segment callus of Populus alba L. X P. grandidentata Michx. 
'Crandon' 
Cone (pM)* Number of Shoots per callus piece*** 
Stem intemodes Leaf-discs Root segments 
BA 2iP Z BA 2iP Z BA 2iP Z 
0.0 O.OOa O.OOa O.OOa O.OOa O.OOa O.OOa O.OOa O.OOa O.OOa** 
1.0 0.07a O.OOa O.OOa o.eoab O.OOa O.OOa O.OOa 0.07a 0.33a 
5.0 0.20a 0.40ab O.OOa 1.20b 0.07a 0.23a 0.40a 0.53a 0.33a 
10.0 1.20b 0.20a O.OOa 2.07c 0.53a 0.93a 0.80a 5.07b 0.47a 
12.5 0.80ab 0.47ab 0.13a 1.40bc 0.47a 0.13a 2.00c 8.60C 1.27ab 
15.0 o.eoab 1.80C 0.53a 0.20a 0.47a 1.20a 0.47ab 0.60a 0.60a 
17.5 0.27a 1.67bc 1.33a O.OOa 1.53a 1.40a 0.13a 0.13a 4.20c 
20.0 0.47ab 5.27e 6.80C 0.07a 7.20b 9.87b 0.07a O.OOa 7.80d 
22.5 O.OOa 7.33f 4.46b O.OOa 9.40C 11.00b O.OOa O.OOa 2.47b 
25.0 O.OOa 3.86d 1.27a O.OOa 6.27b 1.07a O.OOa 0.20a 0.26a 
30.0 O.OOa LOOabc 0.07a O.OOa 0.80a 0.20a O.OOa O.OOa O.OOa 
* All treatments contained 0.05 |iM IBA 
** Means within each column followed by different letters are significantly different 
at a=0.01, following the Student-Newman-Keuls Multiple range Test. 
*** Five pieces (ca 0.2 cm in diameter) were assigned to culture vessels with 3 
replications (Data were collected after 4 weeks of final subculture in each of 3 
experiments). 
Figure 1 Plant regeneration in callus derived from in vitro grown plantlets of Populus alba L, 
X P. grandidentata l\fichx. 'Crandon'. (1-1) organogenic callus with red pigment 
accumulation (indicated by arrow), on selection media containing 20 ^iM 2iP (after 2 
weeks of culture, bar = 0.1 mm), (1-2) differentiation of a callus piece from stem 
intemode on regeneration media (after 3 weeks of culture, bar = 1 mm), (3) shoot 
initiation from root segment callus (after 2 weeks on culture, bar = 0.2 mm), (4) 
multiple shoot regeneration from leaf-disc callus (after 6 weeks of culture, bar = 1 
mm), (5) root formation and ex vitro hardening in transparent plastic box containing 
polyterra peat plug of individually excised shoots from callus, (6) plants established 
in soil. 
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The number of shoots formed in each callus line depended on the 
concentration and type of cytokinin used in association with IBA. One to 10 
pM BA was most efficient at stimulating shoot production. However, a 
combination of either 2iP or Z with IBA in the regeneration medium induced 
the greatest number of adventitious shoots. This was primarily due to the 
formation of multiple shoots. Both cytokinins induced multiple shoot 
formation to about the same extent, the greatest rate occurring at between 20 
and 22.5 |iM in the SI and LD callus lines. In the RS callus line, the 12.5 
pM 2iP treatment gave the best response. Overall, the LD callus line 
possessed the greatest capacity for shoot formation, followed by SI and RS. 
Previous studies on shoot regeneration from callus of Populus species have 
used-BA alone or in combination with NAA (a-naphthaleneacetic acid), lAA 
(indole-3-acetic acid), and kinetin (Ahuja, 1983; Noh and Minocha, 1986; 
Wolter, 1968; Winton, 1970). 
The size of calli strongly influenced regeneration ability. When calli 
greater than 0.2 X 2 cm were cultured on regeneration media, callus 
proliferated with minimal shoot production. Approximately half of the 
subcultured calli with a diameter less than 0.1 cm showed no growth and 
eventually turned brown. 
After the shoots reached a height of at least 2 cm, they were excised 
and transferred directly to polyterra™ plugs without a rooting step (Ahuja, 
1987; Zimmerman and Fordham, 1985). Four hundred of these plugs, 
composed of peat and a proprietary binder, were arranged on a 32 X 32 cm 
Styroform tray (M40045; Techniculture Co., Salinas, CA). These trays were 
enclosed in transparent plastic boxes and placed in the culture room under 
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the same illumination as the shoot cultures. After the shoots achieved a 
height of 10 to 12 cm in the plastic container, they were transferred to a 
greenhouse, where they exhibited greater than 99% survival. 
Plant regeneration via multiple shoots derived from callus culture 
offers numerous applications in plant tissue culture research. The results 
presented demonstrate that the number of shoots regenerated per callus is 
greatly affected by the type and concentration of PGR, induction of 
organogenic callus prior to shoot development, and the size of callus. This 
callus-based regeneration system exhibits reliably high rates of 
multiplication and survival. Although regenerated shoots displayed 
uniArmity in their growth pattern and morphology, when compared with 
axillary bud-derived plantlets in soil conditions, genetic stability tests are 
warranted before using this system for mass propagation of this poplar 
hybrid. Nevertheless, the system described in this paper should facilitate 
studies on somaclonal variation and genetic transformation of woody plants. 
The callus-based system described here also should be useful in further 
studies of genetic transformation in Populus species, to overcome the problem 
in selecting transformants due to direct shoot regeneration from the co-
cultured leaves (Klopfenstein et al. 1989). 
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ABSTRACT 
Procedures were developed for rescuing multiple tiny shoots derived 
&om the culture of three types of tissues on high concentrations of cytokinin. 
A PGR free WPM was used to establish in vitro shoot cultures from axillary 
buds on stem nodes of a 1-year-old hybrid aspen (Populus alba X 
P. grandidentata 'Crandon'). 
Greatly increased numbers of multiple tiny shoots were formed on 
three types of expiant sources (an average of 25 per calli; 96 per root segment; 
40 per leaf) when 20 zeatin was added to the media. 
Rescue percentages for the multiple tiny shoots on solidified media 
under a 16h photoperiod were 22 to 42%. Using 2-phase media under a 
completely dark condition, 82 to 128% of rescuing efficiency was scored. 
Once excised, each of the shoots promptly elongated healthy green leaves and 
root systems on PGR free WPM using a 16h photoperiod. 
Abbreviations: BA : 6-benzylaminopurine; 2iP : N®-isopentenyladenine; 
2,4-D : 2,4-dichlorophenoxyacetic acid; PGR : Plant Growth Regulator; WPM : 
Woody Plant Medium. 
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INTRODUCTION 
Biotechnological applications through tissue culture systems have been 
considered as a potential tool for genetic improvement of woody perennial 
plants (McCown et al., 1991). 
Among the forest trees, the high regeneration capacity and 
reproducibility of Populus species in vitro has allowed the development of 
successful model systems for mass propagation as a part of tree improvement 
program and biotechnology program (Sellmer et al., 1989; Klopfenstein et al., 
1989). Although true-to-type micropropagules from selected elite trees can 
be obtained by axillary branching method (Ahuja, 1987; Coleman and Ernst, 
199O0, the multiplication capacity of the system is quite limited compared 
with, that of adventitious shoot regeneration systems. Moreover, 
adventitious shoot regeneration is an essential intermediate step for 
biotechnological applications such as genetic transformation and somaclonal 
variation. 
Numerous results with adventitious shoot induction systems from 
various cells and tissues have been reported in Populus species (Agrawal and 
Gupta, 1991; Lee-Stadelman et al., 1989; Son and Hall, 1990b). However, 
there are few reports on studies to improve multiple shoot regeneration 
capacity to meet commercial requirements (Barocka et al., 1985). 
The present experiments were conducted as part of a project 
undertaken to develop commercial-scale vegetative propagation of woody 
plants (Hall et al., 1989). 
In this paper, we describe a first attempt to develop rescue methods for 
79 
multiple tiny shoots derived from high concentration doses of zeatin in hybrid 
aspen tissue culture. 
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MATERIALS AND METHODS 
Plant mateijgïs 
Stem node segments containing one or two axillary buds were collected 
in March, 1990 from 1-year-old greenhouse grown stock plants of Populus 
alba X P. grandidentata 'Crandon'. Leaves were excised from the expiants 
and immediately washed thoroughly in running tap water for 30 min. They 
were soaked in 70% ethanol for 1 min and subsequently sterilized with 5% 
sodium hypochloride containing one drop of Tween 80 for 10 min, then rinsed 
with sterilized distilled water for 3 to 4 times under a laminar air flow hood. 
Shoot sprouts were induced from expiants cultured in test tubes (2.4 X15 cm) 
containing 10 ml of WPM (Lloyd and McCown, 1980) without PGR. For 
multiplication, shoot sprouts were excised from stem sections and 
subcultured in Magenta GA-7 boxes (7.6 X 7.6 X 10.2 cm: Magenta Co., 
Chicago, IL) containing 50 ml of WPM with 0.88 |iM BA. Ten shoots were 
cultured in each vessel and transferred twice to the same fresh media at a 4-
week intervals. Plantlets having well-expanded leaves and actively growing 
root systems were obtained by culturing single shoots in Magenta GA-7 
vessels containing a media with the same composition as the initial shoot 
sprout media, then used as an in vitro source material. The media was 
adjusted to pH 5.7 with 0.1 N NaOH or HÇ1 before the addition of 0.75% (w/v) 
Difco bacto agar and autoclaved at 1.05 Kg cm ^ and 121® C for 15 min. 
Cultures were incubated at 26 ± 1° C and 60 ± 10% relative humidity under 
16h photo period, and a photosynthetically active photon flux rate of 40-60 nE 
m-2 s"i from cool white fluorescent tubes. 
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Expiant preparation 
Fully expanded intact leaves of approximately 10-20 mm diameter 
were used directly or cut in half laterally. For root expiants, the distal 8-10 
cm portion of each healthy root system was excised from in vitro stock plants 
and used (Son and Hall, 1990a). Stem nodes (ca 3 cm long without leaves) 
from in vitro stock plants were divided in half by transverse section and used 
for callus induction . This callus was directly used for shoot regeneration 
following our previously reported procedures (Son and Hall, 1990b). 
Induction of multiple tinv shoots 
Each of the expiants were cultured on plastic petri dishes containing 
20 ml of WPM supplemented with different types and concentrations of 
cytokinins. Duration of shoot proliferation was 6 weeks. The cytokinins 
BA, 2iP, and zeatin were incorporated into the test media at concentrations 
from 0.0 to 30 pM (Son and Hall, 1990b). AH cytokinins were filter sterilized 
before being added to the test media at 45° C under aseptic conditions. 
Cultures were maintained under the same conditions as specified for shoot 
cultures. 
Rescue of multiple tinv shoots 
For rescue of multiple tiny shoots which were induced on the surface of 
expiants, each expiants was divided into pieces having at least 10-20 tiny 
shoots, then four pieces of tissue were randomly assigned to Magenta GA-7 
vessels containing 50 ml of fresh media. Three different types of culture 
media were used in this study : (1) solidified media, (2) liquid media, and (3) 
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final 2-phase media. Liquid culture was established by inoculating 4 pieces 
of shoot mass into 250 ml conifer flasks containing 25 ml of PGR-free liquid 
WPM and maintained by shaking at ICQ rpm. Final 2-phase media was 
prepared by addition of 15 ml of sterilized PRG-free liquid WPM onto the old 
solid media which had been used for multiple shoot induction. In addition to 
this, two different light treatments (16h photoperiod and completely dark) 
were tested. The percentage of shoot rescue was calculated by the number 
of shoots that elongated more than 2 cm by the initial number of multiple 
tiny shoots on an expiant. The number of multiple tiny shoots before 
subculture on the rescue media were scored using dissecting-microscope. To 
minimize the effect of physiological conditions of tested tissues having 
different numbers of multiple shoots, 25 replications from each of three 
experiments were conducted. Data for the rescue experiment were collected 
after 6 weeks of culture and percentages of rescue were obtained by 
averaging 300 (4 X 25 X 3) samples for each treatment. 
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RESULTS AND DISSCUSSION 
Approximately 90% of the stem nodes containing one or two axillary 
buds sprouted shoots in vitro. By culturing each excised shoot on 
proliferating media containing 0.88 |iM BA, an average number of 12 axillary 
branches were obtained. Well-expanded plants (8-10 cm in height) were 
obtained after 6 weeks of culture on WPM without PGR. Within four weeks, 
stem nodes divided in half by transverse section produced vigorously growing 
callus when cultured on WPM supplemented with 0.5 |iM BA and 2.5 |iM 2,4-
D. 
Greatly increased numbers of multiple shoots (ave. 25 shoots/ calli. Fig. 
1-1) were obtained using 22 pM of zeatin on the stem node derived callus 
compared with previously reported data (Son and Hall, 1990b). This seems 
due to the aging effect of the callus used for this experiment. The tendency 
of multiple shoot production from root segments (Fig. 1-2) were similar to our 
previously reported results (Son and Hall, 1990a). Intact leaves having 
petioles usually gave limited numbers (8 to 12 shoots/ leaf) of proliferated 
shoots on the end of the petiole using WPM containing 20 ^iM zeatin. When 
the petiole and lower one-third of the leaf was removed, increased numbers of 
multiple tiny shoots (ave 40 / leaf) occurred (Fig. 1-3). The punctured leave 
culture method (Park and Son, 1988) revealed an average of 178 shoots 
produced directly from the abaxial side of cultures of hybrid poplar (Populus 
nigra X P. maximowiczii ). Introduction of this method to increase shoot 
proliferation rate using our expiant have failed. Alternatively, we used 
intact leaves with petiole or without petiole, and laterally cut leaves. 
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Among the three types of cytokinin tested, zeatin gave the highest 
mean number of shoot inductions from all expiant sources (Son and Hall, 
1990a; 1990b). 
Expiants cultured in the presence of relatively low zeatin 
concentrations produced a few healthy and rapidly growing shoots. Total 
numbers of multiple shoots were greatly increased using high levels (20 to 24 
liM) of zeatin but the tiny shoots usually do not elongate after induction. 
When more than 25 [iM of zeatin is used, multiple shoot numbers decreased. 
To eliminate the previous dosed PRG effect, 20 |xM zeatin was selected for 
further multiple tiny shoot induction experiments which subsequently 
connected with the rescue experiment. 
. When shoot masses from each of the source materials were divided into 
pieces and cultured on PGR-free solidified media under a 16h protoperiod, 22-
47% of the shoots elongated after 6 weeks (Table 1). 
Shoot masses cultured on liquid media (Fig. 1-8) gave just 4-7% shoot 
elongation. Moreover, most of these shoots showed vitrification after 
subculture on rooting media. 
All expiant types, except roots, gave high levels of rescue percentages 
when cultured in complete darkness (Table 1). 
After multiple tiny shoots were induced on solidified media 
(multiple shoot induction media), 15 ml of sterilized hormone-free liquid 
WPM was added to the old media (denoted as final 2-phase media). 
Substantially increased numbers of elongated shoots were observed using 
this media compared with that of solid media (Table 1). 
When multiple tiny shoots were cultured on 2-phase media under the 
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Table 1. Effect of light and culture media on the rescue of multiple tiny 
shoots from callus, root, and leaf cultures of Populus alba L. X 
P. grandidentata Michx. 'Crandon'. 
Treatment Dark Light 
Source of expiants® Callus Root Leaf Callus Root Leaf 
Type of Media Percentage of Rescue^ Percentage of Rescue 
Solidified media 39 32 47 22 43 26 
Liquid media 6 8 12 5 7 4 
2-phase media 94 82 128 56 72 64 
®Pour pieces of each expiant type earring at least 10 multiple shoots 
were cultured into Magenta GA-7 vessel. 
b Percentage of shoots longer than 2 cm on 300 samples after 6 week of 
culture as a function of the initial number of multiple tiny shoots. 
complete dark condition, 82 to 128% rescue efficiencies were scored. More 
than 100% of shoot elongation represents new multiple shoot induction 
during the rescue step. This seems possibly due to the effect of cytokinin 
diffusing from the remaining solid media. The morphology of rescued shoots 
from the dark conditions was quite different from that of shoots elongated 
under light conditions. The stem, and shoots obtained from dark conditions 
showed minimized leaf size, thin white or yellowish color (Fig. 1-7,1-9). 
Once excised, each of these shoots readily elongated healthy green leaves and 
root systems. 
The 2-phase media with dark culture system is quite simple and has 
shown great potential for rescuing multiple tiny shoots derived from high 
levels of PGR. This method could reduce the time required for shoot 
proliferation as well as increase the total number of multiple shoots produced 
Figure 1. Rescue of multiple tiny shoots from leaf, root, and callus culture of hybrid aspen 
iPopulus alba L, X P. grandidentata Michx. 'Crandon'). Multiple tiny shoots 
induction from (1) callus, (2) root, and (3) leaf tissues. Shoot elongation from 
multiple tiny shoots containing tissues from (4) callus, (5) root, and (6) leaf cultures 
on solid media. Rescue of multiple liny shoots using (7) solid media, (8) liquid 
media, and (9) final 2-phase media under complete dark conditions. 
I#. 
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from tissues. Hopefully this system can be adapted to large-scale 
micropropagation and biotechnological applications of forest tree species. 
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ABSTRACT 
This study has revealed phenotypic, chromosomal, and protein band 
pattern variation in calli-clones of hybrid aspen both maintained in vitro and 
under greenhouse conditions. Multiple shoot regeneration from callus 
cultures was obtained using Woody Plant Medium (WPM) supplemented with 
20 |xM zeatin. For 400 calli-clones maintained in vitro for 6 weeks on Plant 
Growth Regulator (PGR) free WPM, 75.5% appeared normal growing, while 
the rest were putative albino (7.5%), slow growing (8.25%), and rapid growing 
(16.3%) variants. In 200 greenhouse grown calli-clones after 6 months of 
transplanting, slow growing (4%) and rapid growing (6%) plants as well as 
leaf morphological variation were investigated. Chromosome studies using 
in vitro calli-clones show a broad range of variation from haploidy to 
tetraploidy. Results on protein studies by Soduim Dodecyl Sulfate-
Acrylamide Gel Electrophoresis (SDS-PAGE) revealed strong relationships 
between stained band intensity and growing patterns of calli-clones, and 
there were 3 missing bands in albino plants. 
Key words: poplar, tissue culture, putative albino, calli-clones, phenotypic 
variation, chromosome number variation, growth related protein. 
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INTRODUCTION 
Among the Populus species, hybrid aspen (Populus alba X 
P. grandidentata ) is a highly productive poplar. It has been bred in 
Canada, Hungary, and the U.S., producing progeny of outstanding quality 
with an above average-growth pattern compared with that of the parent trees 
(Hall et al., 1989; Little and Brinkman, 1957). This hybrid aspen also 
occurs naturally, and was first found in 1947 in southeastern Iowa (Little and 
Brinkman, 1957) It is considered a potentially valuable tree species for 
energy plantations (Hall et al., 1989) in central Iowa due to its high 
productivity. The biomass of this species can be used to supply industrial or 
commercial energy by direct combustion or conversion into liquid fuels. This 
hybrid poplar can also be used for conservation reserve plantings (Hall et al., 
1989) and sawlog rotations (Hall et al., 1982). 
Vegetative macropropagation of this aspen is accomplished by using 
stem cuttings (Faltonson et al., 1983; Hartmann and Rester, 1983), and an 
improved root sprouting method (Hall et al., 1989). As with other poplars, 
these methods routinely produce several thousand propagules each growing 
season. However, mass clonal propagation of this hybrid aspen by 
conventional methods is still difficult. 
To obtain large scale vegetative propagules of Populus alba X 
P. grandidentata using a tissue culture system, extensive studies (Chun and 
Hall, 1984; Chun et al., 1986; Son and Hall, 1990a; 1990b; 1991) have been 
conducted. Moreover, in this genotype of hybrid aspen, various sequential 
regeneration systems are already developed using different types of cell. 
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tissue, and organs (Sellmer et al., 1989; Son and Hall, 1990a; 1990b; 1991; 
Son et al., 1991). 
Although Winton (1968) reported normal plant induction from callus 
culture of aspen, callus based regeneration system compare with other organ 
culture such as bud meristem and zygotic embryo have been shown to provide 
high rate of instability both in mophologically and genetically (Ahuja, 1987). 
Previously reported studies on somaclonal variation of poplar (Lester 
and Berbee, 1977; Noh and Minocha, 1990) revealed high frequencies of 
genotypic and phenotypic variation among micropropagules. This strongly 
suggests that plants obtained by tissue culture systems should be examined 
at in vitro or ex vitro levels to verify the genetic uniformity of the 
micropropagules. 
. In addition to this, induced somaclonal variation could be exploited to 
select desirable traits. Studies on induction and selection of disease-
resistant poplar using callus-based regeneration systems and leaf disc 
bioassays (Ostray and Skilling, 1988) suggest the possibility of somaclonal 
variation as a new tool for a special tree breeding program. 
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MATERIALS AND METHODS 
Callus culture, regeneration, and transplanting in the greenhouse 
Callus was induced from stem cambial tissue from 1-year-old 
greenhouse-grown stock plants. Procedures for expiant sterilization, in vitro 
establishment of callus culture, callus proliferation, and isolation of 
organogenic callus were followed previously described methods (Park and 
Son, 1986; Son and Hall 1990b). 
Multiple shoot regeneration from callus culture was obtained using 
WPM (Lloyd and McCown, 1981) supplemented with 20 ^iM zeatin. Each 
shoot excised from callus tissue was cultured on shoot elongation and root 
induction media of PGR free WPM. Two thirds of the shoots having well-
expanded leaves and actively growing root systems were maintained in vitro 
while one third of the régénérants (200 plants) were transplanted to the 
greenhouse following previously described hardening protocols (Son and Hall 
1990a; 1990b). 
The media used in all culture steps contained 30% (w/v) sucrose and 
was adjusted to pH 5.7 before addition of 0.5% (w/v) Difco bacto agar, and 
autoclaving at 121° C for 15 min. As a culture vessel and sealant, plastic 
perti dishes (10 X 1.5 cm; Fisher Sci. Co., Canada) and Nesco film (Bando 
Chemical Ind., Ltd., Kobe, Japan) were used. Cultures were routinely 
maintained at 25 ± 2° C with 60 ± 10% relative humidity, under a 16 hr 
photoperiod (except for the callus induction and proliferation steps which were 
done in a completely dark condition), and a photosynthetically active photon 
flux rate of40 - 60 ^E m ^ s*^ from cool white fluorescent tubes. 
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Chromosome counting 
Root tips (2 - 3 cm in size) were collected from in vitro grown shoot 
cultures of calU-clones which were maintained four weeks on PGR free WPM. 
For chromosome observations, root tips were pretreated with 0.002M 8-
Hydroxy quinolin solution for 12 hr, soaked in a fixing solution (alcohol : 
graciai acetic acid = 3 :1) for 1 to 3 hr in the dark at 25° C, hydrolized in 2N 
HCl for 20 min at 55 - 58° C, and stained in Carbol Fuchsin for 2 to 5 hr. 
Chromosome numbers were calculated under a optical-microscope at XIOOO, 
X1250, and X1500. Data for chromosomal variation was obtained from 113 
observations. 
Protein analysis 
. Leaf proteins for Sodium Dodecyl Sulfate-Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) were obtained from in vitro (6 weeks of culture 
on PGR free WPM) and greenhouse (6-month-old) grown calli-clones. To 
minimize the risk of new proteins synthesized by different developmental 
stages and/or by stress, the same age and size of leaves from each of 70 plants 
were used immediately after collection in humidified plastic bags. For 
preparation of the sample, a known volume of leaf sample was ground using 
liquid nitrogen with IX SDS gel-loading buffer (Sample : buffer 
= 1:3), heated at 100° C for 3-5 min, and the debris was removed by micro-
centrofiigation. For separation of the protein, 30 \ig of total protein was 
loaded on each lanes of gel (15% resolving gels with 5% stacking gel) and run 
at 72 mA for 8h until a bromophenol blue walking dye reached the bottom 10 
cm. After soaking in the fixing solution (methanol : glacial acetic acid : 
I. 
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water = 1: 2 : 7) for a few min, the gels were stained with Coomassie Brilliant 
Blue. Preparation of solutions used for SDS-PAGE in this study followed the 
protocol described in a manual by Sambrook et al., 1989. To determine the 
size of the protein, Rainbow™ protein molecular weight markers (RPN 756, 
Amersham, Corp., Arlington Hts, IL) were also run as references. 
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RESULTS AND DISCUSSION 
Plant regeneration from callus culture (Figure 1) was obtained using 
WPM containing 20 pM zeatin. The type and level of PGR used for this 
study was determined by preliminary experiments using previously reported 
PGR treatments (Son and Hall, 1990b). Because shoot regeneration from 
PGR treatments in this experiment showed the same tendencies as the 
previously reported results, detailed data are not included. 
Phenotypic variation was observed among the calli-clones maintained 
in vitro and in the greenhouse conditions. Relatively high frequencies of 
pigment accumulating ability and growth pattern variation was observed 
from.400 in vitro grown calli-clones. When callus derived shoots were 
subcultured and maintained for 6 weeks on shoot elongation and rooting 
media, 6 putative albinos having healthy root systems and 24 putative 
albinos which did not produce root systems were observed. The features of 
the putative albino plants were : (1) almost white-colored leaves on the top 
position of the stem and one or two pale-green leaves on the bottom, (2) white 
leaves with pale-green-colored leaf margins and midvein, (3) pale-green and 
yellowish colored plants. When the pigment of putative albino plants were 
extracted by a mixed solution of alcohol and acetic acid, they presented a 
transparent color or pale-yellow colors. Chlorophyll and carotenoid content 
comparisons between callus derived albino poplar shoots and normal green 
shoots of the same genotype have been previously reported (Noh and 
Minocha, 1990). Similar results on chimeric plants were reported previously 
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(Noh and Minocha, 1990; Son et al., 1991) and a naturally occurring albino 
aspen (Green et al., 1971) has been found. 
Four types of distinctive growth patterns were observed from in vitro 
maintained green-colored shoots derived from calli-clones. By grouping 
calli-clones of similar growth patterns, we observed : (1) 33 of slow growing 
plants which usually lost their root induction ability, (2) 302 of normal 
growth pattern plants which produced actively growing root systems, (3) 42 of 
rapid growth and healthy root systems, (4) 23 of rapid growth but no root 
inducing plants. 
For the 200 greenhouse grown calli-clones after 6 months from 
transplanting, growth pattern and leaf morphological variations were 
apparent. Most of the plants observed had normal growth but a few (8 
plants) displayed below average growth patterns, and 12 plants showed a 
very rapid growing habit. Our results for growth pattern variation of calli-
clones after transplanting in the greenhouse showed similarity to some extent 
with previously reported somaclonal variation studies of poplar species 
(Lester and Berbee, 1977). 
Leaf morphological variation was apparent (ca. 10%) and most of the 
unusual shaped leaves were concentrated in bottom one third of the stem. 
The variations in leaf morphology could be grouped as (1) intact leaf with 
different morphology such as cordate, ovate or other abnomal shaped, (2) 
leaves of unbalanced growth from the mid vein, (3) leaves of pseudomorphic 
growth, (4) split and unbalanced leaves, and (5) split and stacked leaves. 
Leaf morphological variations observed from greenhouse grown calli-clones 
are shown in Figure 2. Asymmetrically growing leaves from anther culture 
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derived aneuploid poplar have been previously reported (Stoeht and ZsufFa, 
1990). 
Variation in chromosome numbers from root tip of calli-clones grown in 
vitro are summarized in Table 1. Among the randomly selected 150 root tips 
from different calli-clones, 113 with metaphase cells were observed. Our 
studies of calli-clones indicated variation in chromosome number is quite high 
(Table 1). Relatively high frequencies of haploid, aneuploid, and tetraploids 
were observed (Figure 3). Although we observed some aneuploid 
(chromosome number range from 2n = 23 to 33) and haploid chromosome 
numbers, it is doubt to obtain haploid plant via callus culture, because 
previously reported results of anther culture derived haploid plants 
maintained in the field showed most haploid plants doubled the chromosome 
number after 3 years (Kim et al., 1986; Wang et al., 1975; Zhu et al., 1980). 
However, it is not clear that the cause of the broad range of chromosomal 
number variations among the calli-clones we produced, we could assumed 
that growth pattemal variation observed from calli-clones will be due to the 
abnormal number of the chromosomes. 
To characterize somaclonal variants, various types of biotechnological 
approaches have been conducted. Isozymes have been most commonly used 
to verify the correlation between observed differences and somaclonal 
variation (Noh and Minocha, 1990; Allicchio et al., 1987). 
The southern hybridization method (Southem,1975) and protein 
electrophoresis techniques (Zymogram, electrofocussing) have been applied 
to detect somaclonal variants of potato at molecular levels and to verify the 
phenotypic variations of protoclones (Sree Ramulu et al., 1984), 
Figure 1. Shoot regeneration from callus cultures of hybrid aspen {Populus alba L.XP. 
grandidentata Mchs. 'Grandon') after 6 weeks. (1-1) top view, (1-2) bottom view. 
Figure 2. Foliar variation of calli-clone derived plants of hybrid aspen (Populus alba L. X P. 
grandidentata Michx. 'Crandon') after 6 months of transplanting in greenhouse. 
(2-1) Cordate leaf, (2-2) normal poplar leaf shape, (2-3) ovate leaf, (2-4) to (2-5) 
unbalanced growth from leaf mid vein, (2-6) pseudomorphic growth, (2-7) split leaf, 
and (2-8) to (2-9) split and stacked leaf. 

Figure 3. Chromosomal variation in root tip cells derived from calli-clones of hybrid aspen 
(Populus alba L. XP. grandidentata Michx. 'Crandon') in vitro. (3-1) to (3-2) cells 
witii haploid or lower chromosome number, n = 16 (XIOOO) and n = 19 (XIOOO), 
respectively; (3-3) to (3-4) aneuploid plants, 2n = 24 (X1250), and 2n = 27 (X1500), 
respectively; (3-5) diploid plants, 2n = 38 (X1250); (3-6) tetraploid plants, 4n = 76 
(XIOOO), chromosome number. 
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Table 1. Variation in chromosome number of root tip cells derived from 
in vitro grown calli-clones of hybrid aspen (Populus alba X 
P. grandidentata 'Crandon'). 
Ploid/chromosome. No. of ovserved Frequency of accurrance 
number cells® (%) 
Haploid n=ll 1 0.88 
or less n=13 1 0.88 
n=16 1 0.88 
n=19 14 12.39 
Aneuploid^' 2n=23 1 0.88 
2n=24 1 0.88 
2n=26 1 0.88 
2n=27 2 1.77 
2n=29 1 0.88 
2n=30 1 0.88 
2n=33 1 0.88 
Diploid 2n=38 66 58.40 
Tetraploid 4n=76 22 19.46 
® Total of 113 cells were observed from 150 root tips. 
^ Chromosome numbers between 19 to 38 were grouped as aneuploid 
respectively. 
Among the calli-clones, leaves collected from different growth 
pattern plants from in vitro and ex vitro culture were used for a protein 
study. SDS-PAGE gels obtained from in vitro leaf materials are shown in 
Figure 4. Axillary bud originated plant leaf protein showed the same 
migration band patterns with that of the normal (lane 2 to 4) and rapid 
growing (lane 7) plants, whereas slowly growing plants (lanes 5 and 6) 
showed 3 bands between 46 kd and 69 kd that were missing. Among the 
Figure 4. Coomassie Brillant Blue stained SDS-PAGE gel of axillary bud and calli-clone 
derived plants after 6 months growth in a greenhouse. Lane 1, axillary bud derived 
plants; lane 2 to 4, average growing plants; lane 5 to 6, below average plants; lane 7, 
more rapid than average growing plant. 
Figure 5. Coomassie Brillant Blue stained SDS-PAGE gel of in vitro grown axiUary bud sprout 
and calli-clones after 6 weeks of culture in plant growth hormone free WPM. Lane 
1, axillary bud sprout; lane 2, putative albino, lain 3 to 6, normal growing patterned 
plants, lane 7, more rapid than normal growing patterned plants of hybrid aspen. 
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calli-clones, differences in the staining intensity of at least 3 bands were 
exactly matched to their growing habits. 
Protein bands of in vitro leaf sources showed less variation and weekly 
stained band intensities compared with those of ex vitro leaf materials where 
active photosynthesis was occurring. This observation possibly suggested 
the relationships between band intensity and changes in growth-related gene 
regulation. Figure 5 also shows that albino plants were missing one major 
band at 67.5 kd. 
Coleman and Ernst (1991) reported high levels of a 32-kd protein 
related to callus growth and shoot regeneration capacity. Specific proteins 
related to callus growth, regeneration potential, and embryogenic determined 
characteristics were also reported in rice and sorghum (Chen and Luthe, 
1987; Wozniak and Partridge, 1988). 
In conclusion, we assumed that the observed variations in phenotypic, 
chromosomal, and protein variation are perhaps due to the high 
concentration of cytokinin in the culture media. 
For large-scale propagation via the callus culture system, more 
detailed experiments and field studies are needed with the propagules as well 
as their progeny. In addition, our results suggest the possibility of selecting 
rapid growing and tetraploid plants from calli-clones as a valuable 
improvement techniques. 
Ill 
LITERATURE CITED 
Ahuja, M. R. 1987. In vitro propagation of poplar and aspen, pp 207-223 
in: Bonga, J. M., and D. J. Durzan eds. Cell and Tissue Culture in 
Forestry, Vol 3. Martinus, Nijhoff Publishers, Dordrechet, Boston, 
Lancaster. 
Allicchio, R., C. Antonioli, L. Graziani, R. Roncarati, and C. Vannini. 1987. 
Isozyme variation in leaf-callus regenerated plants of Solanum 
Tuberosum. Plant Sci. 53:81-86. 
Ball, S. G. and P. Seilleur. 1986. Characterization of somaclonal variations 
in potato: A biochemical approach, pp 229-235, in: J. Semal ed. 
Advances in Agricultural Biotechnology: Somaclonal Variation and 
Crop Improvement. Martinus, Nijhoff Publishers, Dordrecht, 
Boston, Lancaster. 
Chen, L. and D. S. Luthe. 1987. Analysis of proteins from embryogenic and 
non-embryogenic rice (Or/za safjya L.) calli. Plant Sci. 48:181-188. 
Chun, Y. W. and R. B. Hall. 1984. Survival and early growth of Populus 
alba X P. grandidentata in vitro cultured plantlets in soil. J. Kor. 
For. Soc. 66:1-7. 
Coleman, G. D. and S. G. Ernst. 1990 Shoot induction competence and 
callus determination in Populus deltoides. Plant Sci. 71:83-92. 
Coleman, G. D. and S. G. Ernst. 1991. Protein differences among Populus 
deltoides intemodal stem expiants determined for shoot regeneration 
or callus growth. Plant Sci. 75:83-92. 
Faltonson, R. R., D. Thompson, and J. C. Gordon. 1983. Propagation of 
poplar clones for controlled-environmental studies, pp 1-11, in : 
Methods of Rapid Early Selection of Popular Clones for Maximum 
Yield Potential : A Manual of procedures. North Central Forest 
Experiment Station, USDA For. Ser. Gen. Tech. Rep. NC-81. 
Green, K. A., J. C. Zasada, and K. Van Cleve. 1971. An albino aspen 
sucker. For. Sci. 17:272. 
Hall, R. B., G. D. Hilton, and C. A. Maynard. 1982. Construction lumber 
from hybrid aspen plantations in the central states. J. For. 80:291-
294. 
112 
Hall, R. B., J. P. Colletti, R. S. Schultz, R. R. Faltonson, S. H. Kolîson Jr., 
R. D. Hanna, T. D. Hillson, and J. W. Morrison. 1989. Commercial-
scale vegetative propagation of aspen, pp 211-219, Proc. Aspen 
Symposium 25-27, July, Duluth, MN. 
Hartmann H. T. and D. E. Kester. 1983. Plant propagation principles and 
practices, pp 727,4th ed. Prentice-Hall, Englewood Cliffs, NJ. 
Kim, J. H., H. K. Moon, and J. I. Park. 1986. Haploid plantlet induction 
through anther culture of Populus maximowiczii. Res. Rep. Inst. 
Gen. Korea 22:116-121. 
Lester, D. T. and J. G. Berbee. 1977. Within-clonal variation among black 
poplar trees derived from callus culture. For. Sci. 23:122-132. 
Little, E. L., K. A. Brinkman Jr., and A. L. McComb. 1957. Two natural 
Iowa hybrid poplars. For. Sci. 3:253-262. 
Lloyd, G. B. and B. H. McCown. 1981. Commercially feasible 
micropropagation of mountain laurel (Kalmia latifolia) by use of 
shoot tip culture. Prop. Int. Plant Proc. Soc. 30:421-427. 
Noh,'E. W. and S. C. Minocha. 1990. Pigment and isozyme variation in 
aspen shoots regenerated from callus culture. Plant Cell Tissue 
Organ Culture 23:39-44. 
Sambrook, J., E. F. Fritch, and T. Maniatis. 1989. In: Molecular cloning a 
laboratory manual. Cold Spring Harbor Laboratory Press, 
Sellmer, J. C., B. H. McCown, and B. E. Haissig. 1989. Shoot culture 
dynamics of six Populus clones. Tree Physiol. 5:219-227. 
Son, S. H. and R. B. Hall. 1990a. Multiple shoot regeneration from root 
organ cultures of Populus alba X P. grandidentata. Plant Cell Tissue 
Organ Culture 20:53-57. 
Son, S. H. and R. B. Hall. 1990b. Plant regeneration capacity of callus 
derived from leaf, stem, and root segments of Populus alba L. X 
P. grandidentata Michx. Plant Cell Rep. 9:344-347. 
Son, S. H. and Hall R. B. 1991a. Multiple shoot regeneration capacity from ex vitro 
and in vitro derived stem node cultures of hybrid aspen {Populus alba L X P. 
grandidentata Michx.). Submitted to Plant Cell Rep. 
Son, S. H., Y. W. Chun, and R. B. Hall. 1991. Cold storage of in vitro 
cultures of hybrid poplar shoots {Populus alba L. X 
P. grandidentata Michx.). Plant Cell Tissue Organ Culture In press. 
I. 
113 
Southern, E. 1975. Detection of specific sequences among DNA fragments 
separated by gel electrophoresis. J. Mol. Biol. 98:503. 
Sree Ramula, K, P. Dijkhuis, G. M. M. Bredemeijer, H. C. J. Burg, S. 
Roest, G. S. Bahelmann, C. H. Hanisch Ten Gate, and L. Ennik, 
1983. Protoclonal variation in a butch commercial cultivar of potato 
(Solanum Tuberosum L. cv. Bintje). Experimentia Suppl. 45:148-149. 
Stoehr, M. U. and L. Zsuffa. 1990. Induction of haploids in Populus 
maximowiczii via embryogenic callus. Plant Cell Tissue Organ 
Culture 23:49-58. 
Thomas, E., S. W. J. Bright, J. Franklin, L. A. Lancaster, and B. J. Miflin. 
1982. Variation among protoplast-derived potato plants (Solanum 
tuberosome cv. 'maris Bard'). Theor. Appl. Genet. 62:65-68. 
Wang, C. C., Z. C. Chu, and C. S. Sun. 1975. The induction of Populus 
pollen plants. Acta Botanica Sinica 17:56-59. 
Winton, L. L. 1968. Plantlet formation from aspen tissue culture. Science 
160:1234-1235. 
Wonzniak, C. A. and J. E. Partridge. 1988. Analysis of growth in sorghum 
callus cultures and association with a 27Kd peptide. Plant Sci. 
' 57:235-246. 
Zhu, X. Y., R. L. Wang, and Y. Liang. 1980. Induction of poplar pollen 
plantlets. Sci. Silvae Sinica. 16:190-197. 
114 
SECTION VI. COLD STORAGE OF IN VITRO CULTURES 
OF HYBRID POPLAR SHOOTS (POPULUS 
ALBA L.XP.GRANDIDENTATA MICHX.) 
115 
Cold storage of in vitro cultures of hybrid poplar shoots 
(JPopulus alba L. X P. grandidentata Michx.) 
Sung Ho Soni, Young Woo Chun^, & Richard B. HalU 
1 Department of Forestry, Iowa State University, Ames, lA 50011, USA 
2 Department of Forestry, College of Forestry, Kookmin University, 
861-1, Chongnung-dong, Songbuk-gu, Seoul, 136-702, Korea 
Journal Paper No. J-14470 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, Iowa. Project No. 2210 
This paper was Accepted for Plant Cell Tissue Organ Culture in 1991 
I, 
116 
ABSTRACT 
Shoot cultures of P. alba X P. grandidentata 'Grandon' were 
maintained for more than 5 years at 4® C with minimal growth. The highest 
survival after 2 years and 5 years of cold storage were 70% and 25% 
respectively using 1-month of pre-storage culture on MS medium containing 
1.33 |iM BA. When 5-year-old cold-stored shoot cultures were transferred to 
the greenhouse, color variations were observed. The frequencies of albino 
and red pigmented plants were 0.25% and 12.8% respectively. A rosette type 
growth pattern was also observed on 0.3% of the long-term cold-stored plants. 
During long-term cold storage there were local disruptions of cambium 
connections and the accumulations of chemicals in some cells, as observed by 
light microscopy. 
Key words: growth suspension, aspen, phenotypic variation, ultra 
structure, tissue culture 
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INTRODUCTION 
Tissue culture systems are well established for micropropagation of 
woody plants (Winton, 1968; Brown and Sommer, 1982). Because of their 
high regeneration capacity (Park and Son, 1988; Park and Son, 1989; Russell 
and McCown, 1986) and commercial value (Hall et al., 1982), there are 
numerous reports of rapid in vitro multiplication methods for various expiant 
sources of Populus species. 
To minimize the cost of tissue cultured plants, a two-step method was 
successfully adapted to this species (Ahuja, 1987; Son and Hall, 1990a). 
Nevertheless, mass propagation of Populus species is still limited in 
commercial use because of the difficulties in large-scale synchronization of 
transplanting propagules to the nursery for an optimal growing season, 
possible genetic instability from long-term subcultures, and limited space and 
labor (Aitken-Christie and Singh, 1987). There are two basic approaches to 
overcome these associated problems: non-frozen storage and cryopreservation. 
The latter method involves storage of plant cells, tissues, and organs at an 
ultra-low temperature, which causes all biological processes at the 
intracellular level to almost cease. Recent work on non-frozen storage 
systems for several plant species has been reported (Druart, 1985; Lundergan 
and Janick, 1979; Mullin and Schlegel, 1976), but studies on the physiological 
conditions of source material for cold storage are very limited (Withers, 1985). 
The present study was part of a project undertaken to establish in vitro 
mass propagation systems for commercial use of hybrid Populus. In the 
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shoot cultures could be cold stored at 4° C without subculturing to fresh 
medium. 
Emphases were put on the critical factors for cold storage, structural 
changes in stored plants and the types and frequencies of phenotypic variation 
after long-term cold storage. 
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MATERIALS AND METHODS 
Shoot cultures of Populus alba X P. grandidentata 'Crandon' were 
produced by a previously reported micropropagation system (Chun, 1984; 
Chun et al., 1986). 
To examine the effect of physiological condition of source plant 
materials on cold storage, shoots were cultured on three types of MS 
(Mtirashige and Skoog, 1962) media (SMM: Shoot Multiplication Medium 
containing 1.33 |iM 6-benzylaminopurine (BA); RIM: Root Induction Medium 
supplemented with 0.98 ^iM indole-3-butyric acid (ISA); SEM: Shoot 
Elongation Medium which was free of growth regulators), for 3 different 
subculturing periods (0,1, or 2 months preceding cold storage), and using 5 
different shoot lengths ( 1, 3, 5, 7, 9 cm). The size of shoots used was 
approximately 3 cm in length, except in the shoot size experiment. Each 
experiment consisted of 20 replications and the experiment was repeated 
three times at 3-month intervals. Survival was assessed by counting healthy 
shoots (usually green, light green, or white color) during the cold storage 
period. Survival assessments were supported by a preliminary experiment 
in which 100% of those colored shoots recommenced growth or had new shoot 
sprouts within 2 weeks of removal from cold storage. Data on survival were 
collected at 3-month intervals for 2 years. The average mean values of plant 
survival after 2 years of cold storage from 3 different experiments were 
analyzed by one-way ANOVA (significance level at P>F=0.001). 
For five-year cold storage experiment, shoots were subcultured for a 
one-month period on the three types of media described above and then 
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maintained under the same cold storage conditions as for the two-year study. 
Survival data from five-year cold storage were collected only from shoot 
cultures maintained on SMM, because there was very little long-term survival 
on the other two media. 
In all experiments, the medium was MS basal salts and vitamins, 3% 
(w/v) sucrose, and 0.6% (w/v) Difco Bacto agar. The pH of the medium was 
adjusted to 5.8 and sterilized by autoclaving for 15 min at 120° C and 1.46 kg 
cm-2 pressure. 
Cultures for proliferation and cold storage were maintained in Magenta 
GA-7 boxes (7.6 X 7.6 X 10.2 cm; Magenta Co., Chicago, IL) containing 50 ml 
of medium, or in test tubes (15 X 200 mm) containing 15 ml of medium, 
respectively. For cold storage, test tubes were closed with plastic caps 
(Kaputs), double sealed with Nesco film (Bando Chemical Ind., Ltd., Kobe, 
Japan), and stored within 2 transparent plastic bags to prevent drying. 
During cold storage, cultures were placed in the dark at 4® C. Cultures before 
and after storage were maintained at 26 ± 1° C with 60 ± 10% external 
relative humidity, 16h photoperiod, and a photosynthetic photon flux rate of 
40-60 |xE m-2 s'^ from cool white florescent tubes. 
Five shoot cultures of similar size from before, during, and after 5 year 
of cold storage were collected randomly and excised into 3 portions fleaf, stem, 
root). Tissues were fixed with 2.5% (v/v) glutaraldehyde and 2% (v/v) 
paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) at 4° C for 24h. Fixed 
samples were rinsed several times with phosphate buffer, dehydrated in 
increasing ethanol concentrations, and embedded in Spurr's resin LR white 
(London Resin Co.). Sections, 1-2 |im thick, were transferred to clean glass 
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slides and allowed to dry on a hot plate for at least 5 min at 60 - 120° C prior 
to staining, then stained with the periodic acid-Schiff reaction followed by 
methylene blue-azure (Humphrey and Pittman, 1974), and observed with an 
Olympus Orthoplan light microscope. 
After subculture of five-year-old cold-stored plants onto fresh SEM for 4 
weeks, each shoot was excised from its root system and transferred directly to 
a Polyterra™plug (32 X 32 cm styrofoam tray; M40045, Techniculture Co., 
Salinas, CA). These styrofoam peat plug trays were cut in half to contain 
200 shoots. The shoots were placed in a mist bay for 4 weeks, then repotted 
in equal volumes of an artificial soil mix (Vermiculite: Perlite: Peat = 1:1:1), 
and eventually transferred to a greenhouse. The frequency of variant plants 
was calculated by grouping phenotypic variants found in 2,000 of the plantlets 
after. 2 months of growth in the greenhouse. 
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RESULTS 
The length of the previous subculturing period and the different types 
of culture media affected the survival for this aspen when stored at 4° C in the 
dark. The F test of significance on two experiments (3 different previous 
subculturing periods and 3 types of culture media) revealed highly significant 
differences among all treatments at à = 0.01. The values for survival were 
plotted against duration of storage and fitted by logarithmic curves for easy 
comparison (Figure 1). 
After 24 months of cold storage, the survival of shoots maintained on 
SMM for 1 month prior to cold storage was 75%. Subculture for 2 months 
prior to cold storage and shoots subcultured immediately prior to cold storage 
gave 39.4% and 10.6% survival respectively (Figure 1-1). 
Aitken-Christie and Singh (1987) reported that expiant size greatly 
influences survival during cold storage. In the present study, however, there 
was no significant difference in survival between the five different shoot sizes 
during cold storage, even though the 3 cm shoot size did possess a little higher 
survival rate. 
The survival of shoots cultured on RIM and SEM was 50% or less after 
6 months and 15 months respectively while shoots maintained on SMM had 
more than 70% of survival after 24 months (Figure 1-2). The best result 
obtained with five-year cold-stored shoot cultures was a 25% survival rate 
using a one month subculturing period on SMM prior to cold storage (data are 
not shown). 
The ultra-structure of expiants after 5 years of cold storage was 
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compared with that before and during the cold-storage period. Source 
materials from leaves, stems, and roots were observed. Because most large 
leaves defoliated during the cold storage, major comparisons were made with 
stem sources (Figure 2-1 to 2-6). The differences in structure include (1) local 
disturbances in cambium connections during cold storage (Figure 2-3, 2-4); (2) 
accumulation of unidentified chemical compounds during cold storage (Figure 
2-3, 2-4, 2-7, 2-8); (3) reorganization of cambium connections after cold storage 
(Figure 2-5, 2-6); (4) existence of the unidentified chemical compounds after 
cold storage (Figure 2-5, 2-6). 
After 9 months of storage, shoots exhibited a slow growth, but still 
possessed healthy green leaves and stem. After 12 months of storage, the 
shoot cultures had nearly stopped height increment and were characterized by 
thin .stems and small yellowish leaves. During cold storage, shoots stored on 
SMM typically produced some multiple shoots (Figure 3-1 in first to third test 
tubes), and shoots stored on RIM occasionally produced callus (Figure 3-1 in 
fourth test tube). After five years of storage, the surviving etiolated and 
elongated stems recommenced growth (Figure 3-2 in left comer) and/or 
sprouted new multiple shoots when subcultured on fresh MS control medium 
under a lighted condition (Figure 3-2). Once excised, these multiple shoots 
readily produced root systems on the same medium (Figure 3-3), but rarely 
formed multiple shoots. 
The phenotypic variation of cold-stored plants was determined by 
transplanting excised five-year-old stored shoots into styrofoam trays within 
transparent boxes (Figure 3-4) where the relative humidity was controlled 
for up to 2 months. These rooted plantlets were then moved to a mist bay in 
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Figure 1, Effect of previous subculturing period and culture medium on the survival of 
Populus alba L. X P. grandidentata Michx. 'Crandon' under 4® C in the dark: (1) 
shoots were cultured on SMM (Shoot Multiplication Medium) using 0 months (•: y = 
111.15 - 61.737*LOG (X) R2 = 0.953), 1 month (o: y = 108.16 - 21.683*LOG (X) R2 = 0.696), 
and 2 months (a: y = 112.82 - 50.141*LOG (X) R2 = 0.859). (2) Shoots were cultured on 
Shoot Multiplication Medium (o: y = 107.96 - 21.803*LOG(X) R2 = 0.681), Root 
Induction Medium (•: y = 108.62 - 72.430*LOG(X) R2 = 0.948), and Shoot Elongation 
Medium (o: y = 110.30 - 30.000*LO(3(X) R2 = 0.807) using on month previous 
subculturing period. 
Figure 2. Cross section structure of shoot cultures before, during, and after 5 years of cold 
storage: (1) stem (before cold storage, bar = 22 mm), (2) stem (before cold storage, bar 
= 86 mm), (3) stem (during cold storage, bar = 86 mm), (4) stem (during cold storage, 
bar = 68 mm), (5) stem (a^r cold storage, bar = 220 mm), (6) stem (after cold storage, 
bar = 86 mm), (7) root (during cold storage, bar = 120 mm), (8) leaf (during cold 
storage, bar = 68 mm). Abbreviation for ca = cambium, co = cortex, me = multiple 
epidermis, mx = meta xylem, pa = parenchyma cell, pc = pitch cavity, ph = phloem, 
pp = palisade parenchyma, x = xylem. 

Figure 3. Cold storage of in vitro shoot cultures of hybrid poplar (Populus alba X 
P. grandidentata ): (1) shoot culture after 5 years of storage at 4® C under dark 
conditions, (2) recommenced growth and new shoot production on fresh medium at 
26 ± 1 C and light condition, (3) in vitro shoot elongation and root induction, (4) ex 
vitro hardening in a humidity controlled transparent box containing polyterra™ 
peat plug with individual excised shoots from cold stored plants, (5) after 2 weeks in 
humidity controlled box, (6) plants in mist bay in the greenhouse, (7) plants 
established in pots containing artificial soil mix, (8) albino and parti^ly albino 
plant, (9) plant with red pigment accumulation, (10) normal green colored plant. 
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the greenhouse (Figure 3-6), eventually to pots containing artificial soil miy 
(Figure 3-7) and/or a nursery. Detailed procedures for transplanting excised 
in vitro shoot cultures to soil conditions were described previously (Son and 
Hall, 1990b). The main phenotypic variations were grouped by their color 
and growth pattern and compared to that of axillary bud- and cutting-derived 
plants. Five plants out of 2,000 exhibited albino characteristics (Figure 3-8 
in left comer), although 2 of these shoots displayed a chimeric light-green 
color along the leaf margin and/or midvein (Figure 3-8). A red color (Figure 
3-9) was apparent on 12.8% of the plants from cold storage; these plants also 
exhibited a slower growth rate than green-colored plants (Figure 3-10). The 
red-colored plants typically recommenced growth and produced new green 
leaves, but their rooting ability was lower than that of green shoots. Only 
0.5% of the plants remained red in color and these plants stopped growing. 
A rosette type growth was observed in 0.3% of the cold storage derived plants 
although these plants possessed a normal green color after transfer to soil 
conditions. 
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DISCUSSION 
Progress in recent years has generated successful slow growth systems 
for a variety of plants by (1) maintaining plant materials in complete dark 
conditions (Marino et al., 1985) or low levels of illumination (Preil and 
Hoffmann, 1985); (2) reduction of temperature (Bhojwani, 1981); (3) addition 
of different types and concentrations of osmoticum (Hunter, 1986); (4) 
modification of the culture atmosphere (Moon and Kim, 1987); and (5) 
modifying the schedule of subculturing to fresh medium (Withers, 1985). 
During the last few years, several papers have suggested possible approaches 
for evaluating the relationship between the physiological state of the source 
materials and the success of the cold storage system (Aitken-Christie and 
Singh, 1987). The duration of successful cold storage as well as survival of 
stored plants can be increased by optimizing the size of expiants (Barlass and 
Skene, 1983); shoot density (Aitken-Christie and Singh, 1987); and shoot types 
(Aitken-Christie et al., 1985). 
When our cold-stored plants were transferred to fresh medium and put 
under light conditions they easily recommenced growth and/or sprouted some 
multiple shoots. Such shoot proliferation is presumably due to growth 
regulator effects from the previous culture media. 
Using PrMn«s, Marino et al. (1985) reported 14 days of previous 
subculture resulted in a significantly better survival capacity than did 0 or 7 
days of previous subculture. Our results support previously reported results 
(Marino et al., 1985) on the effect of the physiological condition of source 
expiants on long-term cold storage. Typically, cold-stored shoot cultures of 
I 
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this hybrid aspen at 4° C under dark conditions show a rapid decline toward 
death after 3 months. These results may be diie to phenolic compounds 
and/or oxidative substances accumulating in the media in response to 
physiological damage and defoliation of the stored shoots just after cold 
storage. These results suggest that a 3 month subculture interval on fresh 
medium is desirable for short-term cold storage of this hybrid poplar. 
Cytological and ultra-structural changes in cryopreserved cells and 
tissues have been extensively studied but studies of plants from non-frozen 
storage systems are rare (Withers, 1978). Under 5 years of cold storage, the 
cross-section structure of the shoot cultures (especially in stem) shows local 
disturbances in cambium connections. When these cold-stored shoots were 
subcultured on fresh medium, the connections were reorganized. These 
observations possibly suggest : (1) even though we observed different 
positions of stem sections, the observed samples with disruptions may have all 
been from upper positions of stem tissues where the cambium may grow 
slower than the sustaining shoot growth at critical levels, (2) local disturbance 
in the cambium connection which may result from growth suspension could 
involve degradation of carbohydrate during the long-term cold storage (R. C. 
Schultz, pers. comm.). Ultra-structural comparisons between plants from 
before, during, and after cold storage also shows that unidentified chemical 
accumulations occur during long-term cold storage (shown as black spots in 
Figure 2-3,2-4,2-7, 2-8). The chemical accumulation is suggestive of tannin 
derivatives but definitive tests were not conducted. 
Cold storage systems are considered one alternative way to prevent 
genetic changes caused by long-term subculturing in vitro. In this study, we 
I 
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found relatively high frequencies of phenotypic variations especially in 
pigmentation. Standard tissue cultures of this hybrid poplar also rarely 
produce a chimeric red pigment accumulation in leaf and stem tissues. This 
occurs in less than 1% of the shoots when the light intensity is high or the 
sucrose level is higher than in normal culture conditions. Caswell et al. 
(1986) reported the effect of sucrose in producing in vitro colorations of red or 
purple. When callus was induced from cold-stored plantlets, this callus also 
revealed a high capacity for red pigment accumulation. Albino plants which 
are rarely found in normal shoot cultures were also obtained from long-term 
cold-stored shoot cultures. This investigation suggests that long-term cold 
storage may induce relatively high frequencies of phenotypic variations of this 
aspen, but more study is needed to determine whether this is due to changes 
in nuclear material or developmental abnormalities in the cytoplasm. 
After a micropropagation system is established, suitable cold storage 
methods offer a potential means of reducing costs associated with in vitro 
plant propagation because stock cultures could be maintained more efficiently. 
Germplasm maintenance of tree species, in vitro, requires a vast amount of 
land and labor, and also faces environmental risks. The present studies 
should be a step towards developing alternative methods for conserving 
genetic resources of woody plants. 
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ABSTRACT 
Successful acclimatization of in vitro shoot cultures of hybrid aspen 
was obtained using the Polyterra Peat Plug System (PPPS) and Artificial Soil 
Mix (ASM) under two types of humidity control systems : Intermittent 
Misting System (IMS) and Gas Exchange Humidity Tent (GEHT). Best 
results (more than 98% survival) were observed by transplanting well-
expanded (8 cm in height) in vitro shoot cultures onto PPPS and maintaining 
in the greenhouse where an IMS and solar screen were installed. When 
acclimated plants were re-potted in round standard plastic pots containing 
ASM, each shoot started rapid growth and there was no more plantlet deaths. 
Reliable two step method for hardening of large-scale number of 
micropropagules using this hybrid aspen were successfully demonstrated. 
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INTRODUCTION 
Micropropagation of Populus species has been considered as one of the 
commercially feasible methods for these trees that are becoming poplar due to 
their fast growth potential, economical values (Hall et al., 1982), high 
totipotency and multiplication rate in vitro (Ahuja, 1984; Chun et al., 1988; 
Park and Son, 1988; Wann and Einspahr, 1985; Whitehead and Giles, 1977). 
Although large-scale micropropagation systems (Brainerd and Puchigami, 
1981; Son and Kail; 1990a; 1990b; Welander, 1982) and cold storage systems 
to produce synchronized propagules (Son et al., 1991) for greenhouse and/or 
nursery for growing seasons are well established, problems still remain for 
successful mass propagation of poplar trees in vitro. One of the problems 
associated with commercial application is a reliable hardening method for the 
micropropagules. 
Several acclimatization systems have been developed to increase 
survival of tissue culture plants (Zimmerman and Fordham, 1985) and 
subsequently reducing the cost of micropropagules . Previous reports have 
shown that leaves of in vitro grown plants have less epicuticular wax (Grout 
and Aston, 1977; Shutter and Langhans, 1979), smaller palisade cells 
(Brainerd et al., 1981) and more mesophyll air spaces (Brainerd et al., 1981) 
which eventually leads to plant death through desiccation after transplanting 
by excessive transpiration. In recent years, several methods have been 
successfully developed to reduce the loss of water after transplanting in the 
greenhouse. Some examples of these include the application of intermittent 
mist (Chun and Hall, 1984), humidification (Kim et al., 1981), polyethylene 
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tents, and film antitranspirants (Sutter and Hutzell, 1984) at the time of 
transplanting. 
Another important consideration in the hardening of in vitro plants is 
the potting media (Chun and Hall, 1984). Different types of artificial soil 
mix were prepared to promote rapid root development during the 
acclimatization period. Instead of potting media, peat plugs have been used 
for in vitro-Tooted apple cultivars (three step method) to greenhouse 
conditions (Zimmerman and Fordham, 1985). 
The objective of this study was to develop simple methods to obtain 
high survival rates as a part of our on going efforts on large-scale 
micropropagation of hybrid poplar. 
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MATERIALS AND METHODS 
In vitro shoot cultures of this hybrid aspen {Populus alba L. X 
P. grandidentata Michx. 'Crandon') were established by previously reported 
methods (Son and Hall, 1990a; 1990b). For shoot proliferation, axillary 
branching was induced from apical-removed single shoot culture onto Woody 
Plant Medium (WPM) containing 0.88 |iM 6-benzylaminopurine (BA), and the 
proliferated shoots served as in vitro stock plants. Half of the multiplied 
shoot cultures were transferred individually into Magenta GA-7 boxes (7.6 X 
7.6 X 10.2 cm; Magenta Co., Chicago, IL) containing 50ml of WPM (Lloyd and 
McCown, 1980) without Plant Growth Regulator (PGR). Every 6 weeks, 
well-sdeveloped shoots (8-10 cm in height) were harvested, and subsequently 
used as expiants for the acclimatization study, while the remaining 
multiplied shoot cultures were subcultured again onto the proliferation media 
to supply sufficient number of plants. All media used were adjusted to pH 
5.8 with 0.1 N NaOH or HCl before addition of 0.75% (w/v) Difco bacto agar 
and autoclaved at 1.05 Kg cm-^ (121° C ) for 15 min. Cultures were 
maintained at 26 ± l^C with 60 ± 10% external relative humidity, 16h 
photoperiod, and a photosynthetically active photon flux rate of40-60 |iE m ^ 
S'l from cool white fluorescent tubes. 
Acclimatization 
In the first experiment, an IMS (30 sec misting at 5 min interval) was 
used. Expiants with and without root systems (excised root systems at the 
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time of transplanting) were transplanted into a PPPS composed of peat and a 
proprietary binder on a Styrofoam tray (M40045; Techniculture Co., Salinas, 
CA) and ASM containing 80% Jiffymix (Jiffy Products of Amer. Inc. West 
Chicago, IL) and 20% Perlite (Strong-lite Products Corp., Pine Bluff, AES). 
After transplanting the two types of tissue culture derived plants on PPPS, 
the styrofoam trays were placed on a bed containing Jiffy mix in greenhouse. 
To test the effect of ASM for plant survived, plastic pots containing 51 cells 
(5.0 X 6.0 cm) were used. 
In the second experiment, each of the same type of expiants prepared 
for the first experiment were transplanted onto PPPS and ASM, then 
wrapped in a GEHT. The GEHT was prepared using Sun Transparent Bags 
(40.0.X 20.5 cm with 0.2 |im filter disc; Sigma Co., St. Louis, MO). For the 
experiment using PPPS under GEHT conditions, a known volume of water 
(100 cell ; size in 16 X16 cm/ 500ml) was added before sealing the GEHT 
because the PPPS system in itself does not have sufficient water during a 
wrapped period. The second experiment was conducted on a non-humidity 
controlled greenhouse bench and the GEHT was removed after a week of 
transplanting. For the two experiments, solar screens were installed in 
each room to give 30% shade. As a control treatment, 200 of the in vitro 
derived shoot cultures were transplanted into PPPS and ASM, then placed on 
a greenhouse bench without IMS and GEHT. 
After 8 weeks of acclimatization in the greenhouse, all plants were re­
potted into round standard plastic pots (12.7 cm) containing ASM and placed 
in a greenhouse room with no mist system or shade. Fertilizer (20-10-20) 
was applied once per a week during winter, spring, and fall and twice per a 
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week for the summer seasons). 
Pats collection 
For the two experiments having two different potting systems using 
expiants with and without root systems, 100 of the in vitro grown expiants 
per treatment were randomly assigned. Data was collected after 2 weeks, 4 
weeks, and 8 weeks of growth in the greenhouse. The entire experiment 
was repeated twice and percentages of plant survival were scored for each of 
the 200 shoots assigned to a treatment. 
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RESULTS AND DISCUSSION 
Preliminary experiments showed that the age and history of shoot 
cultures in vitro significantly effected their survival after transplanting in the 
greenhouse. When shoots multiplied from shoot proliferation media and/or 
shoot aging from 2 to 4 weeks cultured on WPM without PGR (media for 
elongation of each multiplied shoots) were directly transplanted to 
greenhouse conditions using PPPS with IMS, the survival rate was greatly 
decreased (60-80%). The responding data collected from the transplanted 
shoot cultures (just mentioned above) into the greenhouse did not show any 
consistency for all the different treatments. The relationship between post 
in vitro survival and subculturing schedule and/or aging effects have been 
previously reported (Stimart, 1986). To optimize physiological conditions of 
the expiants and to obtain reliable results, 6-week-old shoot cultures which 
were maintained on shoot elongation media were used for further 
acclimatization experiments. 
When in vitro cultured plants were transferred to PPPS or ASM and 
transferred to an open bench in the greenhouse without an IMS, more than 
half of the plants were dead within 2 days. The importance of a high level of 
relative humidity during the early acclimatization period prevent vapor-
pressure deficits and water stress of in vitro-derived plants was confirmed 
(Shutter and Hutzell, 1984). The use of a shade screen during hardening 
gave clearly superior results. Although we did not test the effect of shade 
precisely, data from previous results (Chun and Hall, 1984) indicated a 
significant difference between shade and non-shade treatments. 
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Table 1 shows the mean survival of 200 in vitro propagated shoots for 
each treatment after 4 weeks of growth in greenhouse conditions. During 
the acclimatization period, the mortality of the in vitro derived plant was 
determined every two weeks. Significantly higher survival rates were 
obtained using PPPS in both the case of IMS and GEHT. The average 
survival rate in the PPPS with or without root systems using IMS was more 
than 98%. No differences were observed between the with or without root 
systems for survival in greenhouse condition using PPPS under IMS. The 
slightly lower survival rate recorded for shoots having root systems seems 
due to the contamination of root systems by agar debris. Possible reasons 
for microbial infection on agar debris have been reported (Chun and Hall, 
1984). When in vitro shoot cultures were transplanted to ASM, shoots 
having root systems usually showed a little higher survivability compared 
with that of shoots with their roots removed. After 8 weeks of 
acclimatization, each of the plants were re-potted on plastic pots and placed 
on open benches in the greenhouse. After the hardening step, there was no 
more mortality. All plants started rapid growth partly due to the 
application of fertilizers and the large space for root development in the new 
pots. 
Successful root development from in vitro root-initiated apple 
plantlets using peat plugs was reported previously (Zimmerman and 
Fordham, 1985). PPPS with transparent plastic boxes for acclimatization 
of in vitro derived hybrid poplar shoot cultures has been reported with 
greater than 99% of survivability after transplanting in the greenhouse 
(Son and Hall, 1990b). Even though these previously reported systems 
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Table 2. Effect of various treatments for survival of in vitro derived 
plants of hybrid aspen {Populus abla L. X P. grandidentata 
Michx. 'Crandon'). 
Survival (%) After 
Treatment 2 weeks 4 weeks 8 weeks 
IMS® + PPPS + w/o R 100b 99.5 99.5 
IMS + PPPS+ w/R 98 98 98 
IMS + ASM + w/o R 84 82 82 
IMS + ASM + w/R ' 90 88 88 
GEHT + PPPS + w/o R 94 92 92 
GEHT + PPPS+ w/R 92.5 87 85 
GEHT + ASM + w/o R 87 87 86 
GEHT + ASM+ w/R 94 92 92 
- ® Abbreviations: IMS: Intermittent Misting System; PPPS: Polyterra 
Peat Plug System; w/o R: expiant without roots; w/ R: expiant with root; 
ASM: Artificial Soil Mix; GEHT Gas Exchange Humidity Tent. 
b Each number represents a mean of 200 expiants assigned to each 
treatment with two entire experiments. 
gave high survival rates, we needed to modify these procedures to meet 
commercial-scale production goles for micropropagules. By combining and 
modifying the previously reported methods, especially the peat plug system 
(Zimmerman and Fordham, 1985) and IMS (Chun and Hall, 1984), we have 
obtained almost 100% shoot survival after transplanting (Figure 1). 
Because shoots transplanted without roots showed almost 100% survival 
during and after the acclimatization period, our system should be easily 
Figure 1. Acclimatization of in yi^ro derived hybrid aspen (PopM/ws alba L. XP. 
grandidentata Michx. 'Crandon') using the Polyterra Peat Plug System under 
Intermittent Misting and a partially shaded bench in greenhouse conditions. After 
8 weeks, healthy shoot (1-1) and roots (1-2) were developed. 
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adaptable to the two-step propagation method (Ahuja, 1987; Son and Hall, 
1990a) for this species and possibly some other forest trees species. 
Moreover, PPPS provides several benefits such as small space requirements, 
ease of storage, and ready-to-ship micropropagules. PPPS, combined with 
the IMS method was successfully adapted as one of essential steps for our 
major project to develop a large-scale micropropagation system to meet 
commercial application requirements of this hybrid aspen. 
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OVERALL SUMMARY 
As a tool for tree improvement programs and commercial applications, 
several aspects of in vitro system were studied: (1) multiple shoot 
regeneration capacity from ex vitro and in vitro derived stem node cultue, (2) 
multiple shoot regeneration from root organ culture, (3) plant regeneration 
capacity of callus derived from leaf, stem, and root segments, (4) rescue of 
multiple tiny shoots from leaf, root, and callus culture, (5) somaclonal 
variation in plants regenerated from callus culture, (6) cold storage of in vitro 
cultures, and (7) polyterra peat plug systems for acclimatization of in vitro 
shoot cultures. 
Studies on direct multiple shoot regeneration capacities of ex vitro and 
in vitro stem node cultures were conducted to investigate possibilities of 
reducing stages in micropropagation. Physically modified expiants showed 
different responses on multiple shoot regeneration under the same tested 
media. This phenomena suggested that there may be strong relationships 
between modified physiological conditions of expiants and their multiple 
shoot production behavior and ability. Best results for multiplication were 
obtained using ex vitro expiants which excised axillary bud sprouts afi;er 2 
weeks of culture. In addition to this, multiple tiny shoots were observed on 
the most tested medium containing high levels of zeatin. 
The results obtained with ex vitro source materials which excised 
axillary buds after 2 weeks of culture suggested a high possibility of reliable 
two-step method (Ahuja, 1987; Son and Hall, 1990a) in this genotype of 
hybrid aspen. 
I. 
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In vitro multiple shoot regeneration ability of root organ culture was 
greatly affected by the age of source material and growth regulators. The 
highest number of shoots from 'Crandon' was obtained using sixty-day-old 
root expiants by culturing media containing 22 ^iM zeatin. The results on 
root organ culture appears to be readily adaptable for large-scale clonal 
propagation aimed at economically attractive reforestration and sources for 
biotechnological application. 
Callus based regeneration systems offers numerous applications in 
plant tissue culture research. The results present demonstrated that the 
number of shoots regenerated per calli is greatly affected by the origin of 
source material, type and concentration of plant growth regulator, induction 
of organogenic callus line prior to shoot regeneration, and the size of the 
callus. The highest rate of multiple shoot formation was obtained using leaf 
-disc originated callus lines which were cultured on media containing low 
level of IB A and relatively high levels of 2iP and zeatin. Although this 
system reveals a high rate of shoot induction capacity, genetic stability tests 
are required for the application of mass propagation. Nevertheless, this 
system should be useful in further studies on somaclonal variation and 
genetic transformation as a tools for tree improvement programs. 
From the experiments for multiple shoot induction on various types of 
cell, tissue, and organ cultures of this hybrid aspen revealed one interesting 
phenomena which is multiple tiny shoot induction capacity of given cell and 
tissues on high levels of 2iP and zeatin contained media. Highly increased 
numbers of multiple tiny shoots from three types of expiant sources were 
obtained by adding 20 )J,M zeatin to the media. Shoot rescue rate of the 
I 
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multiple tiny shoot mass from the expiant sources on final 2-phase media 
under a completely dark condition scored 82 to 128%. This method will 
possibly reduce the time required for shoot proliferation and increase total 
numbers of multiple shoot reproduction capacity from given cells and tissues. 
Previously reported studies on somaclonal variation of poplar (Lester 
and Berbee, 1977; Noh and Minocha, 1990) revealed a high frequency of 
genetypic and phenotypic variations among the micropropagules especially in 
calli-clones. To investigate somaclonal variation, in vitro and ex vitro grown 
calli-clones were examined. From the calli-clones maintained in vitro for 6 
weeks, putative albino and different growing patterns were Observed. 
Chromosome studies using in vitro calli-clones show a broad range of 
variation from haploid to tetraploidy. Leaf morphological variation was also 
investigated from greenhouse grown calli-clones. Sodium Dodecyl Sulfate 
(SDS)-Polyacrylamide Gel Electrophoresis (PAGE) studies revealed strong 
relationships between stained band intensity and growing patterns of calli-
clones and missing bands in putative albino. For large scale propagation via 
callus based system, more detailed experiments on field studies are needed 
with the propagules as well as their progeny. In addition, the results 
suggested the possibility of selecting rapid growing and tetrraploid plants 
from calli-clones as a valuable breeding source. 
Cold storage study was conducted to meet two aspects such as 
commercial-scale micropaopagation and gene conservation. Short term cold 
storage could allow large-scale synchronization of transplanting propagules to 
the nursery for an optimal growing season, and possibly reduce genetic 
instability caused by long term subcultures as well as overcome the limitation 
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of space and intensive labor (Aitken-Christie and Singh, 1987). The results 
on 5-year of cold storage revealed a 25% survival. Phenotypic variation and 
ultra structural changes were observed from cold stored plants. After a 
micropropagation system is established, cold storage methods possibly offer a 
potential means of reducing costs associated with in vitro plant propagation 
because stock cultures could be maintained more efficiently. Long term cold 
storage systems should be a step toward developing alterative methods for 
conserving gene pools of woody plants. 
Successful acclimatization of micropropagules is another important 
step which is involved with commercial scale propagation. Among the tested 
treatments, best results were obtained by transplanting micropropagules 
onto Polyterra Peat Plug System (PPPS) and maintained in the greenhouse 
where Intermittent Misting System (IMS) and anti-radiation screen were 
installed. These systems provided almost 100% of survival, reliable two- or 
three-step method in micropropagation, easy packing, and ready to transport 
to meet commercial purposes. 
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